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ABSTRACT
Neuroplasticity is the capacity of neurons and networks in the brain to reorganise. The
changes could be due to experience and learning or in response to injuries and irregularities
during development. Studying the relationship between changes to brain structure and
behaviour may help facilitate better life outcomes for people with brain disorders and to
alleviate the burdens of neurological conditions.
In a typically developed human brain, the two cerebral hemispheres are connected
by the corpus callosum, the largest white matter tract, and other smaller commissures.
The congenital absence of the corpus callosum does not seem to have the same effects on
behaviour as those of surgical callosal section in adults. Prior studies have shown that
individuals with dysgenesis of the corpus callosum (DCC) are able to match visual stimuli
presented bilaterally in separate hemifields. These results indicate effective communication
between the left and right visual cortices even in the absence of the usual cortico-cortical
connectivity. However, the stimuli previously used comprised images such as shapes,
colours, and letters that have readily available nominal identifiers. Thus, higher-order
processes (e.g. language) could be recruited in the transfer of information across the
midline.
Here, I studied bilateral integration of early visual processes in DCC individuals using
Gabor patches as stimuli. The stimuli matched the receptive field properties in the early
visual cortical areas and addressed the confounds in past studies. A total of 52 control
adults without known malformations of the corpus callosum and 10 DCC participants with
either complete or partial dysgenesis were recruited for this study. In the behavioural tests, I
measured the participants’ ability to perceive and respond to visual stimuli. Pairs of images
were presented either unilaterally to one hemifield or bilaterally to the two hemifields.
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Control participants showed no difference in either response accuracy or latencies between
unilateral and bilateral presentation conditions. There were also no significant correlations
between age and accuracy or response times. In contrast, there were accuracy deficits in most
DCC participants for conditions that required communication between the two hemispheres.
Some DCC participants also showed accuracy deficits in conditions that did not require
interhemispheric communication. There was one DCC participant whose performance was
consistently within the normal range as measured in controls. As the participants performed
the tasks, I recorded their eye movements. While controls were able to maintain fixation
effectively, DCC participants were found to have a bias to look to the right of the designated
fixation point.
To examine the neural correlates associated with these behaviours, I also looked at
the functional organisation and connectivity of the left and right early visual cortices
using neuroimaging techniques. I used magnetic resonance imaging (MRI) to acquire
structural and functional images. I also used diffusion weighted images of the DCC
cohort that were available through the institute’s database to determine interhemispheric
connectivity. I used phase-delay retinotopic mapping that allowed me to visualise the visual
field representation in the functional primary visual cortex (V1). DCC participants had a
retinotopically organised representation of the visual field that was distorted relative to the
expected anatomical landmarks. However, the anomalies could not be attributed solely to
DCC due to the presence of neurological comorbidities. I then used the location of V1 as an
inclusion mask in whole-brain tractography. I found no direct connection between left and
right V1 in individuals without a posterior portion of the corpus callosum.
Overall, these results indicate that there is a deficit in DCC participants concerning
low-level visual feature integration that has not previously been reported, and to which they
have learned to adapt via saccadic eye movements. These eye movements thus displaced
the visual scene towards the left hemifield and could be a learned strategy that lessens the
interhemispheric communication burden. The bias to process images in the left hemifield
suggests a right hemisphere dominance consistent with previously documented asymmetries.
These results may help us design better interventions to improve lifestyle for individuals
with DCC.
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1INTRODUCTION
One of the major pursuits of neuroscience is understanding the brain’s capacity for plasticity.
This concerns how the brain changes in response to experience or as an adaptation to
congenital conditions. Plasticity is a term widely used to describe almost any change
associated with the nervous system. It ranges from short-term changes at the synaptic
level [Cruikshank and Weinberger (1996), Fortune and Rose (2001), Zucker and Regehr
(2002), Macleod (2011), Anwar et al. (2017)] to changes in neuronal tuning [Fregnac et al.
(1988), Frégnac et al. (1992), and Dragoi et al. (2000)] to changes in functional representation
due to experience of the environment [Rauschecker (1991), Blasdel et al. (1977), Blakemore
and Van Sluyters (1974), Blakemore et al. (1978), Hirsch (1985), Crair et al. (1997), LeVay
et al. (1980), Shatz and Stryker (1978), and Kreile et al. (2011)]. While plasticity is most
pronounced during development, the mammalian brain remains plastic to a certain extent
even at maturity [Ge et al. (2007), Bergami et al. (2015), Trinchero et al. (2017), Chen et al.
(2011), Bavelier et al. (2010), and Jamann et al. (2018)].
In the present study, I focus on how the brain adapts to the malformation of the largest
cerebral commissure in humans and how this affects visual perception. There are three
main telencephalic commissures. First, the anterior commissure (AC), which crosses the
midline ventral to the third ventricle and the fornix [Peltier et al. (2010)]. The AC was
implicated in the interhemispheric transfer of multisensory perception including vision,
audition, and olfaction [Risse et al. (1978) and Wilde et al. (2006)]. However, transfer of all
three modalities was not found in any one participant. The AC connects temporal lobes
in the two hemispheres in humans [Di Virgilio et al. (1999)]. Second is the hippocampal
1
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commissure (HC), which connects the two hippocampi. As in non-human primates, the
ventral HC in humans is virtually non-existent [Gloor et al. (1993) and Insausti and Amaral
(2012)] whereas the dorsal HC attaches to the posterior end of the CC as it traverses the
midline [Gloor et al. (1993)]. And lastly, the corpus callosum (CC), which is the largest
white matter fibre tract, which is a bundle of myelinated axons, in the brain. The CC is only
present in placental mammals [Abbie (1939)].
Normally, the CC connects homologous areas in the left and right hemispheres of the
cortex. However, there are two groups of individuals without a normal CC. On the one hand,
there are individuals whose CC was surgically sectioned after birth, either in childhood or
in adulthood, as palliative treatment for epileptic seizures. In this procedure, either only
the CC is sectioned (corpus callosotomy) or the CC including the other interhemispheric
commissures (commissurotomy). Post-surgery, these individuals exhibit apparent discon-
nection between the two hemispheres of the brain. An exemplar behaviour is the inability
to verbally name an object presented to the left visual field [Gazzaniga (2005)]. Normally,
visual stimuli from the two hemifields are processed separately in a crossed manner in
the cortex; that is, visual input from the left hemifield is processed initially in the right
hemisphere and vice versa. The ability to react to sensory input without disruption across
the midline is possible through visual integration. Information in the right hemisphere from
the image presented to the left visual hemifield should be carried to the left hemisphere,
in which the speech centre is located for most people. This ability of the two hemispheres
to communicate is absent or made inefficient in the surgically altered brain and causes the
disconnection in the individual’s cognitive processes. Thus, these individuals are sometimes
referred to as split-brain patients.
On the other hand, there are individuals born with a malformed CC. This is a rare
congenital disorder called dysgenesis of the corpus callosum (DCC) that occurs in about 1
in 4000 people [Paul et al. (2007)], though DCC has been shown to have a higher incidence
in individuals with developmental delays [Schaefer and Bodensteiner (1998)]. The examplar
disconnection in split-brain patients previously discussed is seemingly absent in individuals
with DCC [Saul and Sperry (1968) and Lassonde et al. (1991)]. This shows the remarkable
ability of the brain to deal with developmental problems through plasticity and is the main
2
CHAPTER 1. INTRODUCTION
focus of this thesis.
In humans, the development of the CC starts as early as 10 weeks into gestation with
the genu, which is the anterior portion of the CC (see Fig. 1), developing first [Carpenter
and Druckemiller (1953) and Sheldon and Peyman (1953)]. Around the end of the third
intra-uterine month, the genu and the splenium, which is the posterior portion of the CC,
are already recognisable [Loeser and Alvord (1968)]. Maturation and full myelination of
the white matter tract is only completed around the age of puberty [Hellige (1993)]. With
a long ontogeny, several factors could disrupt the normal formation and development of
the CC. The degree of CC malformation depends on the onset of developmental arrest.
The malformation may manifest as as a fully absent CC (agenesis of the CC), or an incom-
pletely formed CC where remnant portions are present (dysgenesis of the CC), or as a CC
characterised by a universal decrease in volume (hypoplasia). Throughout this document,
the abbreviation DCC will be used to refer to any type of malformation of the CC; either
agenesis, dysgenesis, or hypoplasia.
1.1. Aims and Significance
In this thesis, I explore visual integration at the level of early visual processing in cases of
DCC. The impact of visual deficits, or the absence thereof, in DCC is a potentially revealing
means to better understand the capacity of long-range plasticity to adapt to malformations,
and how the brain compensates for an arrested development, more broadly. Given that there
is no cure for DCC, it is imperative that deficits are identified and addressed to alleviate the
outcomes in individuals with DCC. The results of this study add to the understanding of
interhemispheric communication, specifically related to bilateral visual function, in DCC.
Going forward, the results presented here could potentially help improve the lifestyle
of individuals with DCC; for example, redesigning teaching styles to overcome learning
difficulties.
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Figure 1: Sagittal anatomical image of a typically developed brain showing the
CC. The posterior (splenium) and anterior (genu) portions are labelled, together
with the calcarine sulcus.
1.2. Problem statement
This study addresses the following questions:
1. How well do DCC participants perform in low-level visual tasks?
(a) In terms of accuracy, how different is their performance from the average perfor-
mance of control participants?
(b) In terms of response times (RT), how much faster or slower are they?
(c) Intra-individually, are their responses to bilateral stimuli faster or slower than
their responses to unilateral stimuli?
2. How does their performance in processing high-level stimuli compare to their perfor-
mance in processing low-level stimuli?
3. How is low-level visual processing subserved in the brain of individuals with DCC?
(a) How are their retinotopic maps organised?
(b) How are visual areas connected interhemispherically?
To address these questions, I used a new set of stimulus matching tasks and a novel
spatial integration task. The performance of DCC participants and a normative group of
4
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adults without known malformations of the corpus callosum was measured in terms of
accuracy and response latencies. To investigate the neural correlates of these behaviours,
I used magnetic resonance imaging (MRI) to acquire structural, functional, and diffusion-
weighted images of the brains of the individuals with DCC.
It was hypothesised that bilateral visual integration at the level of early visual processing
would be degraded in DCC. In conjunction, it was predicted that the previously documented
successful bilateral integration in DCC individuals was facilitated by employing higher
cognitive functions, such as the use of semantic information. It was also hypothesised that
the left and right early visual areas project to higher cortical areas ipsilaterally and these
higher areas project across the midline through ectopic, non-callosal pathways that facilitate
bilateral visual integration.
1.3. Thesis overview
In Chapter 2, I review literature regarding visual function and its neural correlates in
typically developed adults and in adults with abnormal connection between the hemispheres.
I also briefly review some studies into the aetiology of DCC. In Chapter 3, I present the
design of the matching tasks and the spatial integration task used in this thesis to specifically
test low-level visual integration across hemispheres. I also report the results of the validation
of these tasks in a control group of adults. In Chapter 4, I present the results of the
psychophysical assessment, the eye movement analysis, and the neuroimaging results in
DCC participants. As expected, control participants accurately performed the tasks. I also
found no dependence of any performance metric, either in accuracy or RT, on the age or
gender of the control participants. In contrast, I found that DCC participants exhibited
compromised low-level visual perception. In 3 out of 10 DCC participants, I found bilateral
deficits that could be inferred from the missing cortico-cortical connectivity between the left
and right visual cortices. In 6 out of the 10 DCC participants, I also found unilateral visual
perception deficits in addition to the bilateral deficits. Only 1 DCC participant appeared to
behave within the normal range for the matching tasks, but not for the spatial integration
task. I found a pronounced bias to look to the right of fixation for the DCC participants.
From the neuroimaging data, I found that the representation of the visual field in the
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primary visual cortex (V1) in DCC participants was retinotopically organised. However,
the location of the functional V1 was distorted relative to known anatomical landmarks. In
Chapter 5, I synthesise outcomes in behaviour, eye movements, and neuroimaging data and
discuss broader implications related to plasticity and hemispheric lateralisation.
6
2BACKGROUND LITERATURE
In this chapter, I discuss three issues in the literature pertinent to the problems addressed
in this thesis. First, I briefly summarise the organisation of the pathway from the retina to
V1 in the typically developed adult brain. Second, I discuss some relevant topics related
to surgical cerebral disconnection of the hemispheres. I present the neuropsychological
profile and the visual perceptual outcomes in split-brain patients. Third, I present the
neuropsychological profile and visual perceptual outcomes in individuals with DCC. I also
review outcomes of neuroimaging and present some aetiological mechanisms implicated
in the malformation of the CC. These three approaches highlight the differences between
controls and populations with an abnormal corpus callosum. Moreover, the differences
between the congenitally acallosal and the surgically disconnected brains are discussed.
2.1. Typical organisation of the visual cortex
The retinogeniculocortical pathway (Fig. 2A) is one of the pathways from the retina to the
brain. The cornea, a thin membrane that covers the pupil of the eye, and the lens modify the
path of the light. In normal vision, this results in a focused, inverted, and left-right reversed
image of the visual scene on the retina, which is a layer of photoreceptors at the back of
the eyes. The photoreceptors detect and transduce light that impinge on the retina. Nerve
fibres from the retina then pass on the information along the visual pathway. At the optic
chiasm, the nasal half of an optic nerve from one eye decussates and combines with the
temporal half of the optic nerve from the ipsilateral eye. The optic tract that exits the optic
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chiasm projects to the lateral geniculate nucleus (LGN), among other nuclei [Daw (2006)] in
a crossed manner. After the LGN, visual information is conveyed to V1, which is located
in the occipital lobe of the cerebral cortex, and onto higher visual areas. In the schematic
image shown in Fig. 2A, V1 subtends the calcarine sulcus (CS) and occupies its upper and
lower banks [Funkhouser (1915)]. The crossed representation in the LGN is preserved in
V1. Information from each hemifield is conveyed to the contralateral hemisphere, which
is also depicted in the schematic diagram through the colour coding of information. The
visual scene occupied by the left hemifield, depicted by light orange and peach in the
upper and lower left quadrants, respectively, is processed in the lower and upper banks
of the CS containing the right V1, respectively. Similarly, the visual scene occupied by the
right hemifield depicted by dark orange and yellow in the upper and lower quadrants,
respectively, is processed in the lower and upper banks of left V1, respectively.
The visual scene, which is depicted as being divided into quadrants in Fig. 2A, can be
further divided and mapped onto the cortical surface. In V1, the visual field representation
is retinotopically organised. This means that there is a one-to-one mapping of the visual field
onto the cortical surface. To generate a retinotipic map as in Fig. 2B, the visual hemifield
was divided into three polar angular positions depicted by the red, blue, and green regions
of the colour scale. The cortical areas that were responsive to stimulation of the respective
positions were then colour-coded accordingly. The cortical surface shown in Fig. 2B is
a flattened version of the cortex. A simple way to visualise this flattening is to imagine
cutting along the CS in Fig. 2A and fanning and stretching the cortex out. Thus, the upper
(dorsal) and lower (ventral) banks of the CS are shown in the top and bottom half of Fig.
2B, respectively. Note that adjacent positions in the visual field are represented in adjacent
positions in the cortex. Red and green do not appear side-by-side because they do not
occupy adjacent positions in the visual field.
The borders between the different visual areas coincide with the colour reversals in
the polar angle representation [Engel et al. (1997), Wandell (1999), Dougherty et al. (2003),
and Wandell and Winawer (2011)]. V1 shares a border with the secondary visual cortex
(V2) that lies on the representation of the vertical meridian denoted by the dashed white
lines nearest the edge of the flattened cortical surface that is the CS. The dorsal and ventral
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borders point towards the foveal confluence, which is a small area where the different visual
areas converge [Schira et al. (2009)]. Notice that the dorsal and ventral V1/V2 border are
equidistant from the CS, indicating that there is an equal area occupied by the lower and
upper visual hemifield, respectively.
Figure 2: Typical organisation of the visual cortex. A. The retinogeniculocortical
pathway conveys information from each visual half field to the contralateral
hemisphere. Image adapted with permission from Remington (2012). B. Polar
angle representation overlaid on flattened cortical hemisphere. (*) denotes foveal
confluence. Scale: 1 cm. Colours indicate position in the visual field that is
mapped onto cortical surface. White lines indicate borders between different
visual areas. Image adapted with permission from Tootell et al. (1997). C. Left
and right visual cortices are directly connected through the posterior corpus
callosum. Heat map shows number of streamlines: 50 (red) to 5000 (white).
Image adapted with permission from Saenz and Fine (2010).
In a typically developed adult brain, the border between V1 and the secondary visual
cortex is straddled by contralaterally projecting callosal neurons (Fig. 2C). As previously
noted, this strip straddles the vertical meridian representation. The callosal projections
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are thought to facilitate midline fusion [Aboitiz and Montiel (2003)] and are seen in other
sensory and motor primary and secondary areas. In the case of the visual cortex, midline
fusion facilitates a unified field of view. These callosal projections of the visual cortex pass
through the posterior portion of the corpus callosum, called the splenium, along with the
projections from the occipital lobe [Clarke and Miklossy (1990)]. This direct connection
facilitates information transfer between the left and right visual cortices.
2.2. Surgical section of corpus callosum
Surgical section of the corpus callosum in humans is a last resort for intractable epilepsy.
The procedure can either be a section of only the CC or can include the other cerebral
commissures. With this procedure, surgeons hoped to control seizures that originated from
a focus in one hemisphere from spreading to the contralateral hemisphere [Helmstaedter and
Witt (2012) and O’Neill et al. (2012)]. Initially, the procedures were considered successful in
decreasing episodes of lost consciousness or generalised convulsions [Wagenen and Herren
(1940)]. Later studies indicated that callosotomy is a treatment of choice owing to its efficacy
and low relapse rate, [Asadi-Pooya et al. (2008) and Sunaga et al. (2009)] despite the high
risk for transient complications [Nei et al. (2006)].
2.2.1. Neuropsychological function outside the visual domain in split-brain
patients
In Akelaitis (1941b), psychological tests that included the Stanford-Binet, the Healy pictorial
completion test, the Arthur point scale performance test, the Gates visual perception test, and
Rorschach inkblot test, were administered to 8 split-brain individuals and it was found that
only tasks that involved immediate memory showed departures from the performance prior
to surgery. However, modern and more detailed split-brain experiments found symptoms
that together were termed disconnection syndrome [Sperry (1968)].
Even though the split-brain patients did not show any differences pre and post surgery in
standardised psychological tests, anecdotes involving split-brain patients are as fascinating
as they are diverse. The disconnected cerebral hemispheres were thought to be capable of
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independent functioning, but each seemed unaware of the perceptual happenings in the
other hemisphere. For example, in Wolman (2012), the author talks about how the patient
Vicki, who was operated on in 1979, would sometimes end up wearing three outfits at once
due to the inability to have a unified train of thought between her two hands. Despite
complete disconnection of the hemispheres, split-brain patients show unified sense of self to
some degree. For example, self-face recognition was intact [Turk et al. (2002) and Uddin
et al. (2005)], while the sense of self-agency and limb ownership was not [Uddin (2011)].
Disconnection in somatosensory perception was intact above and compromised below the
neck in an individual following surgical section of the CC [Gazzaniga et al. (1963)]. The
effects were thought to be transient. However, in individuals tested for manual dexterity
and inter-manual coordination up to 10 years post-surgery, the speed of responses was
consistently below normal [Zaidel and Sperry (1977)]. Contrastingly, Vicki in Wolman (2012)
had a less burdensome life one year after the surgery.
A study involving two individuals with severed CC and AC pointed to the role of other
interhemipsheric pathways in language [Akelaitis (1944)] and attention [Afraz et al. (2003)].
These studies point to the idea that high-order functions were intact even with a surgically
altered corpus callosum. In selective surgical section of the CC, a topographic study of the
activation found largely normal location of activation [Fabri and Polonara (2013)]. This
means frontal functions were still connected through a preserved genu while posterior
functions were still connected through a preserved splenium. Furthermore, in the same
study, the authors found that verbal response was only present during right side stimulation
pointing to the classical disconnection syndrome.
These outcomes were thought to be due to the lateralised function in each hemisphere,
which is conveniently depicted in the Venn diagram in Fig. 3. Some of the results on
split-brain studies can be explained in terms of hemispheric lateralisation of the particular
function. Similar to results in animal models, Gazzaniga (1968) showed increased short-term
memory capacity in the bisected brain (c.f. memory inside the dark orange area, Fig. 3).
Split-brain patients were able to recall stimulus presented to each hemisphere independently
and the ratio between single field and double field was greater than in controls. However,
performance was still subpar in that the absolute items recalled were still less than controls.
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In Bogen and Gazzaniga (1965), the authors showed a disconnection between the cerebral
hemispheres both in visual and language domains (c.f. perception in light orange and
language in violet, Fig. 3). The ability to process information in parallel between the
two hemispheres was demonstrated in Sergent (1986), which the authors posited could be
mediated by subcortical pathways . Levy and Trevarthen (1977) showed marked hemispheric
asymmetry in semantic aspects of language, for which the left hemisphere was dominant,
and purely visual recognition of words, for which the right hemisphere was dominant.
Figure 3: Some cognitive functions are lateralised to either hemisphere (violet
or light orange) while some are bilateral (dark orange). Image adapted with
permission from Marinsek et al. (2016).
While the foregoing literature points to inconsistencies in results, a remarkable paradigm
that showed a consistent disconnection effct was seen in experiments where split-brain
patients were asked to cross-compare images presented bilaterally to two hemifields. This
aspect is discussed in the next section.
2.2.2. Visual perception in split-brain
Research involving split-brain patients has helped shape our understanding of hemispheric
specialisation. One of the early studies into visual perception after the surgical section of
the corpus callosum found that section of the CC did not cause a disturbance in higher
visual function [Akelaitis (1941a)], including judgement of absolute or relative orientation of
objects relative to self and determining absolute size of an object and relative to a different
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object, among other things. However, rigorous testing revealed visual disconnection in the
split-brain. In cases of spared splenium, one would expect to see intact visual function that
was indeed documented in Noudoost et al. (2006), where visuospatial integrity (ability to
match position) and visuospatial attention (ability to track an object amongst a group of
distractors) were normal in a split-brain patient.
Other visual tasks used in the study of behaviour in split-brain patients include matching
images bilaterally presented to separate hemifields [Lassonde et al. (1988), Johnson (1984),
and Fendrich and Gazzaniga (1989)], verbally or manually responding to a stimulus in either
hemifield [Gazzaniga et al. (1965), Forster and Corballis (1998), and Forster and Corballis
(2000)], and naming the stimulus presented to either side of fixation [McKeever et al. (1981)].
In Lassonde et al. (1988), split-brain patients were able to effect accurate between-field
comparisons of colour and shape, albeit at longer RT. In Johnson (1984), 2 split-brain patients
were able to cross-compare stimuli presented separately to the two hemifields at above
chance level. In contrast, 2 other split-brain patients were unable to accurately determine
whether the stimuli were same or different. A split-brain patient with an intact splenium,
was very accurate in matching the stimuli, as expected. In Fendrich and Gazzaniga (1989),
a fixed cue and a target located at different locations that could be in the same or in the
opposite hemifield were presented to a split-brain patient who had to determine if the two
images were the same or different. The participant’s accuracy dropped in trials when the
target was presented in the opposite hemifield. Similarly, in Sergent (1986) and Fendrich
and Gazzaniga (1989), two participants were unable to effect interhemispheric matching of
stimuli. Compromised interhemispheric transfer of information about the size and length
of visual stimuli has also been documented in commissurotomised patients [Corballis and
McLean (2000)].
Looking at visuomotor integration in split-brain patients presents an interesting discon-
nection between the hemispheres. In Gazzaniga et al. (1965), the simple task of pointing to a
flash of light elucidated dissociation in motor responses. Given the choice, the right hand
was solely used in response to visual stimulation in the right hemifield, in conjunction with
verbal responses. The left hand was used in response to left hemifield stimulation without
verbal responses. The recruitment of ipsilateral responses to visual stimulation indicate
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a preference to process information within the same hemisphere, but not necessarily the
inability to integrate information interhemispherically. The telling result in this particular
study is the inability to produce a verbal response to the left field stimulation pointing to
lateralisation of language and the fact that the left hemisphere is unable to access information
in the right hemisphere. Additionally, the participant also had consistently better left hand
copy drawings despite being right-handed their entire life, suggesting right hemisphere
dominance for visuomotor responses.
In terms of recognising stimuli presented to either hemifield, McKeever et al. (1981)
showed that there was almost no capacity to recognise stimuli presented to the left visual
hemifield even after 10 months post-surgery in 1 split-brain patient. The task involved
naming of words, objects, and colour presented to individual hemifields. Performance in
the right hemifield was, in contrast, intact.
In addition to the ineffective integration of visual information from the two hemifields,
a large crossed-uncrossed differences (CUD) in a simple RT task [Marzi (1999)] was seen
in split-brain patients where they were asked to respond to a lateralised flash of stimulus.
In the crossed condition, visual stimulation and the responding hand are contralateral to
each other, while in the uncrossed condition, the hemifield and hand are ipsilateral to each
other. The difference in RT between the two conditions is a measure of interhemispheric
transmission time. A commissurotomised patient exhibited a CUD more than tenfold of
control participants [Forster and Corballis (1998)]. Additionally, the same commissuro-
tomised participant showed asymmetric ability to transfer information, with a right to
left hemisphere transfer advantage [Forster and Corballis (2000)]. Other studies have also
documented large CUD in split-brain patients including Forster and Corballis (1998), Marzi
(1999), Savazzi et al. (2007), and Roser and Corballis (2002), and Savazzi et al. (2007).
There is differential effect of age when surgical callosal section is carried out on be-
havioural outcomes. One participant who had the procedure as a child seemed to have
spared bilateral visual integration of word, object, and color naming processes [Lassonde et
al. (1988)] . This is consistent with outcomes of motor and sensory modality tests performed
on another individual who had the surgery early in life [Lassonde et al. (1991)].
Another confound in the bilateral visual integration in split-brain patients is the sparing
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of the splenium. Upon further investigation, it was found that one participant, initially
thought to have had complete section, performed well in bilateral visual tasks and had an
intact splenium [Lassonde et al. (1988)]. This is consistent with results from a participant in
Johnson (1984) whose splenium was also spared.
Various mechanisms have been proposed to facilitate interhemispheric transfer of infor-
mation in split-brain patients including the interaction between the cortex and the superior
colliculi [Holtzman (1984) and Savazzi et al. (2007)], the interaction between the superior
colliculi, the pulvinar nucleus, and the pre-striate areas [Corballis (1995)], and the brain-stem
[Trevarthen (1970)].
Together, these results paint a heterogenous picture of the capacity of split-brain patients
to match images presented bilaterally. On the one hand, there is evidence that supports
the ability to accurately integrate information at the cost of longer RT, while on the other
hand, evidence also suggests that split-brain patients are unable to match bilateral stimuli.
It is possible that this dichotomy could be resolved if steps were taken to ensure that the
splenium had not been spared in these participants. Still, longer RT in tasks that required
interhemispheric communication was prevalent in split-brain patients.
2.3. Dysgenesis of corpus callosum
The congenital malformation of the corpus callosum was first reported in Reil (1812) based on
necropsy of a 30 year old woman. Although several cases have been reported and reviewed
in the literature [Drossaers (1913), Hultkrantz (1921), Mingazzini (1922), Lange (1925), and
Grogono (1968)], the condition was made more obscure because of the inherent difficulty in
its diagnosis. Before ventriculography and encephalography were introduced, it was not
possible to diagnose the condition in life and was only possible post-mortem. Guttmann
(“Über einen Fall von Entwicklungsstörung des Groß-und Kleinhirns mit Balkenmangel”)
was the first encephalographic study of the condition, but the implications of the imaging
results were not verified before the death of the patient. It was not until Davidoff and Dyke
(1934) when the first diagnosis in life was reported, very closely followed by Hyndman and
Penfield (1934) at the annual meeting of the American Neurological Association in June and
in a published article, years later.
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Several case studies were reported and reviewed [Baker and Graves (1933), Lloyd
and Jacobson (1938), Cass and Reeves (1939), Kunicki and Chorobski (19940), Gowan
and Masten (1940), Goldensohn et al. (1941), Sheldon and Peyman (1953), Carpenter and
Druckemiller (1953), Slager et al. (1957), Koch and Doyle (1957), and Harcourt-Webster
and Rack (1965), and Karunakaran and Gupta (1969)]. These studies speak mostly to the
aetiology, embryology, and the clinical syndrome of the agenesis of the corpus callosum.
Eisner and Roback (1937) first suggested differentiating between the terminologies agenesis
and dysgenesis of the CC, with the former being the complete absence and the latter
denoting a malformed structure. The first reports of associated psychological and perceptual
anomalies identified with DCC only appeared in the 1960’s. One of the first published
works, Solursh et al. (1965), found evidence of deficits in the visual modality and implicated
the corpus callosum with bilateral tactile function. At the time, the authors found only 200
reported cases of DCC in the literature, but only 1 participant from another paper had been
tested with regards to the functional relationship between the CC and perceptual abilities
[Russell and Reitan (1955)], where impairments in the visual domain were found.
2.3.1. Neuropsychological function outside the visual domain in DCC
Authors of early studies did not attribute psychological deficits directly to DCC, but rather
to the other associated congenital malformations [Lloyd and Jacobson (1938), Gowan and
Masten (1940), Kirschbaum (1947), and Loeser and Alvord (1968).] There is no definitive
clinical syndrome of DCC and the subtle psychological disturbances may make it asymp-
tomatic [Toglia and Lapayowker (1966)]. However, DCC is a common brain malformation
in children with developmental delay [Jeret et al. (1985) and Schell-Apacik et al. (2008)].
More specificically, in populations with developmental delays, splenial malformation results
in impaired visuospatial skills, and attention and motor control [Paul (2011)]. DCC is fre-
quently associated with other neurological malformations including a common comorbidity,
colpocephaly, which is the dilation of the occipital horns [Noorani et al. (1988)] and affects
the occipital lobe. Thus, it is problematic to attribute the developmental delay solely to DCC.
Additionally, individuals with DCC are also more likely to have sensory deficits [Doherty
et al. (2006)].
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Individuals with DCC were commonly found to have extensive psychological abnormali-
ties such as those documented in Russell and Reitan (1955). A non-exhaustive list includes
extremely low intelligence quotient, impaired visuo-motor coordination and ability to sus-
tain maintained attention, depression, anxiety, and emotional instabiliy. DCC individuals
are also more likely to have altered pain and tactile perception, patterns of eating, and sleep
[Doherty et al. (2006)]. Nonverbal learning disorders were also seen in a child with DCC
[Panos et al. (2001)]. Other observed abnormalities in some, but not all individuals with
DCC, include reduced inhibitory interhemispheric motor interaction [Genç et al. (2015a)],
defects in temperature control [Shapiro et al. (1969)], difficulty in reorienting attention
across hemifields [Hines et al. (2002)], and impaired perceptual-motor abilities [Jeeves and
Rajalakshmi (1964) and Midorikawa et al. (2006)], impaired tactile perception [Brescian et al.
(2014)]. A stronger predisposition for ambidexterity and reduced hemispheric lateralisation
was documented that could indicate a higher than normal degree of hemispheric autonomy
in individuals with DCC [Ocklenburg et al. (2015)]. In a study involving infants, even
in apparent isolated cases of DCC based on antenatal diagnosis, the prognosis was still
uncertain [Ghi et al. (2010)]. Some infants showed normal achievement of milestone agewise,
while others showed abnormal neurological developement.
Overall, the neuropsychological profiles of DCC individuals vary widely. While the
above manifestations may not directly be due to DCC, it is quite difficult to disentangle the
effects of DCC per se from the effects of the other presenting neurological co-morbidities.
2.3.2. Visuospatial perception in DCC
Visual perception
While the congenital absence of the corpus callosum resulted in split-brain like behaviour
such as larger CUD compared to controls [Milner (1982), Lines (1983), Milner et al. (1985),
Berlucchi et al. (1995), Marzi (1999), and Roser and Corballis (2002)], DCC individuals have
been shown to not exhibit the classic disconnection syndrome as in split-brain patients and
information was determined to be apparently accessible to both hemispheres. Saul and
Sperry (1968) carried out simple examinations on an individual that included testing for
bilateral recognition of images and objects presented to either side of the midline. On all the
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tests, the individual with DCC performed in stark contrast to the split-brain participants
previously documented. It is important to note, however, that there are also DCC individuals
without a large CUD [Kinsbourne and Fisher (1971)]. These findings suggested the role of
plasticity that enables the brain to adapt to abnormal development.
The questions in this thesis build upon results of previous studies that have shown
the relatively preserved ability of visual integration in the brain of individuals with DCC
[Sauerwein and Lassonde (1983), Corballis and Finlay (2000), and Barr and Corballis (2002)].
In Sauerwein and Lassonde (1983), participants with DCC were documented to respond to
colour and form matching, at longer response times and reduced accuracy. In Corballis and
Finlay (2000), three cases of familial DCC were shown to differentiate letters and digits across
hemifields at above chance levels. However, for colour, all three participants performed
below chance level accuracy. One limitation of such experiments is that nominal identifiers
could have been used as cues to compare the stimuli, instead of purely visual information.
For example, in Barr and Corballis (2002), letters were used in both upper and lower cases,
e.g. "A" and "a". The participants were asked to compare the letters in terms of shape and
name in separate runs. In this example, for shape, the correct response should be different
and for name, the correct response should be same. However, for both these tasks, there are
nominal identifiers that can be linked to each stimulus. There is a readily available name
associated with the letter, and only a modifier (upper case or lower case) needs to be added
to answer the shape task. This limited the capacity of the design to test low-level visual
integration.
Various compensatory mechanisms have been proposed to account for bilateral inte-
gration in DCC. These include bilateral representation of function, which was met with
resistance due to evidence to the contrary [Jeeves (1994)]. The presence of the CC did not
prove to be essential to hemispheric lateralisation [Jeeves and Milner (1987)], suggesting that
representation of funciton developed normally. Another avenue that was explored is that
the AC facilitated the bilateral integration of information in the absence of the CC. In Barr
and Corballis (2002), one participant had an enlarged AC and another had a normal-sized
AC. These individuals showed differential performance in the matching tasks where the
participant with the enlarged AC performed better at bilateral tasks. However, an individual
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with DCC is not more likely to have an enlarged AC [Atlas et al. (1986a) and Barkovich and
Norman (1988)].
Overall, in contrast to the poor performance of people who have undergone surgery
[Fendrich and Gazzaniga (1989), Corballis and Sergent (1992), Corballis (1994), and Fendrich
et al. (1996)], DCC participants have shown relatively preserved ability for visual integra-
tion. Roger W. Sperry, especially recognised for his contribution to the understanding of
hemispheric lateralisation due to his work with split-brains and DCC [Sperry (1982)], nicely
summarised the crux of the matter in his 1981 Nobel Prize acceptance speech: "The great
pleasure and feeling in my right brain is more than my left brain can find the words to
tell you.” These results seem to indicate that plasticity plays a role in optimising interhemi-
spheric connections that diminishes the effect on behaviour. However, as pointed out in
the foregoing review, these studies had limitations involving the study of transfer of visual
information. It is therefore important to assess performance of DCC individuals at the
early visual processing level and to determine if plasticity plays a role in reorganising the
interhemispheric connections between left and right visual cortices.
Spatial perception
Another behavioural outcome that seemed prevalent in DCC is an impaired ability to
integrate spatial information across hemifields. In Brown et al. (1999), participants did not
perform well in comparing patterns of dots randomly placed in a grid (see Fig. 4). A closely
similar task was carried out in Jeeves et al. (2001). In these experiments, DCC participants
were asked to respond same or different to the following stimuli. Two groups of circles were
randomly placed inside an imaginary rectangular box (no outline) of a specific size. The
images were only considered the same if all the circles were positioned exactly the same
inside the two boxes. The performance of DCC participants were outside the normal range
in the bilateral case, but within the normal range in the unilateral case. A limitation to this
is the unbalanced memory load in unilateral trials, where the number of circles processed in
one hemisphere doubles compared to the bilateral trials.
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Figure 4: Pattern matching task involving spatial information used in previous
studies. The image to the left is for a unilateral trial, correct answer: different.
The image to the right is for a bilateral trial, correct answer: same. Image adapted
with permission from Larson and Brown (1997).
Other studies hinted at disturbed spatial perception in DCC individuals in a much less
direct manner. In Martin (1985), a DCC individual was asked to determine the location of a
stimulus (black dot or letters) after it has disappeared and to report the location. The same
participant was also asked to determine orientation of a stimulus (4-letter word) and to
report its orientation. In each experiment, the stimulus was presented to either hemifield
and the response was based on a marked grid. The DCC individual showed impaired spatial
perception in the right hemifield alone and this deficit was attributed to the absence of a
callosal pathway between left and right visual cortices. In Meerwaldt (1983), a child with
DCC was asked to copy the orientation of a rod by visual inspection without palpatation.
The DCC participant was able to match the rod orientation as well as the control group.
However, a deficit in accuracy and response latency was seen when she used her right hand.
This implied that the absence of a connection between the left and right hemisphere reduced
the ability of the child to perceive spatial information in the left hemisphere.
Taken together, these results imply that while spatial perception may not be directly
compromised in the absence of the CC, the inability to interhemispherically transfer spatial
information affects overall spatial perception in DCC.
2.3.3. Neuroimaging outcomes in DCC
Several early neuroimaging studies focused on the correct diagnosis in life of callosal
dysgenesis [Davidoff and Dyke (1934), Gowan and Masten (1940), Bunts and Chaffee (1944),
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Echternacht and Campbell (1946), Chusid et al. (1949), Carpenter and Druckemiller (1953),
Sheldon and Peyman (1953), Hyndman and Penfield (1934), Cass and Reeves (1939), Kunicki
and Chorobski (19940), Savitsky and Spineli (1948), Sheldon and Peyman (1953), and Holman
and MacCarty (1959)].
In Davidoff and Dyke (1934), the distinct radial arrangement of the sulci on the mesial
surface of the cerebral hemisphere was documented. Further radiological studies noted
the same pattern [Cass and Reeves (1939), Savitsky and Spineli (1948), Loeser and Alvord
(1968), and Harcourt-Webster and Rack (1965)]. Baker and Graves (1933) noted that this
sulcal pattern was similar to the foetal sulci arrangement at 6 months.
With refined neuroimaging methods in the advent of MRI that provide good spatial
resolution, the neural organisation in DCC was further studied. Using functional magnetic
resonance imaging (fMRI), Bittar et al. (2000) showed that there was a reorganisation in
the visual cortex in a participant with DCC and colpocephaly, including having fewer
activation foci. A single participant with DCC was found to have an ectopic representation
of ipsilateral hemifield in the visual cortex [Reitsma et al. (2013)]. This is consistent with
data obtained through EEG, where the presence of anomalous ipsilateral activation was
seen [Barr et al. (2005)]. In addition to interhemispheric irregularities in DCC, Beaulé et al.
(2015) found within hemisphere abnormalities in the form of consistent cortical thickening
in certain areas including V1.
Connectivity studies found varying results. In Lee et al. (2004), the authors found a
compression of fibres crossing the midline in individuals with remnant portions of the CC.
The anterior portion appeared to connect even posterior cortical areas. In Meoded et al.
(2014), reduced global and increased local connectivity was demonstrated in DCC compared
to adults. However, Owen et al. (2013) found similar organisaiton of resting-state networks
between DCC and controls. Despite the lack of callosal fibres in DCC, Benezit et al. (2015)
found similar macro and microstructure in the white matter tracts in DCC and controls.
Interhemispheric pathways that have been implicated in bilateral integration have been
studied from a neuroimaging perspective. However, due to the heterogeneity of the present-
ing cases, the results were mostly case-specific. Using diffusion-weighted tensor imaging,
van Meer et al. (2016) showed projections from V1 through the AC in participants with DCC.
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The AC has also been implicated in bilateral transfer of visual information. However, there
are fewer participants with an enlarged AC in the congenitally acallosal population than
those with smaller AC [Atlas et al. (1986a) and Barkovich and Norman (1988)]. There are
other commissures that also could potentially play a role in visual integration, for example,
the HC, which was enlarged in about 13% in the population surveyed in Hannay et al. (2009).
In Tovar-Moll et al. (2007), an aberrant interhemispheric tract, the sigmoid bundle, was
shown for the first time in individuals with DCC. In Wahl et al. (2009), the authors found
that homotopic connections did not correlate with the position or size of the remnant portion
of the CC. Such aberrant tracts were shown to be functionally relevant to the transfer of
tactile information across the midline [Tovar-Moll et al. (2014)]. Corresponding anomalous
interhemispheric coherence related to the aberrant fibre tracts was documented in Lazarev
et al. (2016), possibly hinting at functional role of the fibre tracts.
2.3.4. Aetiology
A singular causative factor that could account for the aetiology of DCC has not been found.
Some early studies proposed a genetic determination to DCC due to the prevalence in
sibship [Naiman and Fraser (1955), Menkes et al. (1964), Shapira and Cohen (1973), Cao
et al. (1977), and Wilson et al. (1983)]. Indeed, recently, 12 genomic loci were associated
with the malformation of the CC [O’Driscoll et al. (2010)]. Halgren et al. (2012) showed
that haploinsufficiency of ARID1B is associated with CC malformations, among other
neurological abnormalities. Moreover, based on the smallest region of overlap in individuals
with DCC, a critical region associated with microdeletions of 1q43q44 contained ZNF238, a
gene that is widely expressed during mouse embryogenesis [Ballif et al. (2012)], suggesting
that gene to have a potential role in the DCC phenotype. An analysis of human foetal brain
tissue found that similar axon guidance mechanisms are involved in the development of
human corpus callosum as implicated in animal models [Lent et al. (2005)]. In Sajan et al.
(2013), more gene-rich copy number variation was found in DCC than in controls.
In Schell-Apacik et al. (2008), chromosomal rearrangements and genetic disorders with
autosomal dominant, autosomal recessive, and X-linked mode of inheritance were associated
with absence of the CC. Partial trisomy of chromosome 13, partial duplication of the long
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arm of chromosome 10 were some of the of the causes of DCC in a study involving children
[Marszał et al. (2000)]. Other mechanisms of CC formation and malformation are reviewed
in Richards et al. (2004), Ren et al. (2006), Paul et al. (2007), Edwards et al. (2014), and Alby
et al. (2016).
While the foregoing literature exemplifies the vastness of genetic and chromosomal
anomalies, there are also exogenous factors contributing to the aetiology. Intracranial
bleeding during the foetal period [Marszał et al. (2000)], prenatal alcohol exposure [Sowell
et al. (2001)], maternal phenylketonuria [Levy et al. (1996)], and advanced maternal age
[Glass et al. (2008)] are some examples.
The diversity in aetiological factors speaks to the heterogeneity in brain malformations,
in general. As stated earlier, DCC, more often than not, has other neurological comorbidities.
Unfortunately, these associated neurological malformations confound the results in previous
behavioural, imaging, and developmental studies.
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Tasks to test the interhemispheric transfer of low-level visual information across the midline
were used in this study. There were two categories of behavioural experiments: the first
was concerned with matching Gabor patch features (orientation of static images, drift speed
and drift direction of dynamic images) and the second was concerned with testing spatial
information integration across the midline. The matching tasks employed in this study were
conceptually similar to previous designs as discussed in Chapter 2. A new visuospatial task
specifically tested integration of spatial information from the two cerebral hemispheres. Eye
movements were recorded using a remote infrared camera (Eyelink 1000 v. 4.594, sampling
rate of 500 Hz), which was calibrated before the start of each experiment. The images were
displayed on a computer monitor (gamma-corrected, 205.8cd/m2 white screen luminance,
1920× 1080 pixels, screen refresh rate of 200 Hz) located 55 cm away from the eyes of the
participants. To stabilise the head position, a chin rest with a forehead stop was used. Four
controls participated in the pilot study and 16 controls participated in the validation study.
The parameters obtained from the preliminary parts were used to test 32 controls and 10
DCC participants. For the entire study from pilot tests to the actual behavioural tests, a total
of 52 control adults without known malformations of the CC and 10 DCC participants were
recruited. Almost all control participant completed the behavioural tests in 2 hours. Some
had to take breaks but managed to finish the tasks in 2.5 hours. The DCC participants, on
the other hand, took at least 3 hours each to finish the tests, with some needing as much
as 4.5 hours. All participants in this research gave informed consent prior to starting the
procedures. A copy of the ethics approval, along with the participant information sheet, is
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attached in Appendix A.
3.1. Stimuli optimisation
3.1.1. Matching Tasks
To eliminate the possibility of semantic cross-cuing, the images in previous studies were
replaced with Gabor patches or sinusoidal gratings with a Gaussian envelope (Fig. 5 inset).
Participants were asked to manually indicate their response with a specific keyboard press,
corresponding to either same or different images. There were four dimensions to the images
used: orientation, drift speed, drift direction, and letters. The letter matching task was
included to allow for direct comparison with previous literature. Control participants found
matching of Gabor patches difficult when images were presented for about 150 ms or shorter
that was the typical exposure duration of familiar images in previous studies [Brown and
Jeeves (1993) and Forster and Corballis (2000)]. In addition, pattern masking was also
employed to interrupt processing of the afterimage due to the photochemical activity in the
retina that may continue for as long as a few minutes [Tulunay-Keesey (1982)].
For these reasons, a pilot study to determine the optimum presentation time was carried
out with 4 controls using the staircase method described below. Participants in the pilot tests
noted that the short exposure duration was not enough to see the Gabor patches moving
and suggested displaying the stimuli for longer durations. The preliminary results indicated
that the images should be presented for a much longer exposure duration of around 400
ms. The orientation, speed, and letter matching tasks were validated in 16 controls. It was
assumed that the motion of the Gabor patches in both the speed and direction matching
tasks was equally perceivable given the proper exposure duration. To avoid underestimating
the ceiling performance of controls, a transformed weighted adaptive staircase method was
used to estimate 95% level thresholds [Kingdom and Prins (2010)]. Images were presented
at 420 ms initially, with a step size of 20 ms. When a participant made 4 consecutive correct
responses, the exposure duration for the succeeding trial was reduced by 1 step (20 ms)
until the exposure became too short. When a mistake was made, 4 steps (80 ms) were
added to the next exposure duration, thus creating a turning point. Each validation run of
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the tasks was terminated after 8 turning points and the detection threshold estimate was
computed as the average of the final 6 turning points. All participants were trained on 25
trials per hemifield with feedback tones that indicated whether the responses were correct
or incorrect, with exposure durations randomised between 150 ms and 300 ms, before the
actual estimation of the staircase.
The locations of the stimuli are shown in Fig. 5. Participants were asked to maintain
fixation on the cross in the middle of the screen. Pairs of images were displayed either at
locations 1 and 2 or locations 3 and 4 for bilateral presentation of stimuli and at locations
1 and 3 or locations 2 and 4 for unilateral presentation. For the staircase estimation,
participants were instructed where the images would appear: either only in the left hemifield,
in the right hemifield, in the upper hemifield, or in the lower hemifield in separate runs .
Figure 5: Stimuli locations used in the matching tasks. A fixation cross (0.6◦)
was located in the middle of the screen. The four locations labelled 1 through 4
were 6.0◦ centre-to-centre from the fixation point. Bilateral stimuli (4.0◦ diamater)
were presented simultaneously at locations 1 and 2 or 3 and 4. Unilateral stimuli
were presented simultaneously at locations 1 and 3 or 2 and 4. Black circles show
size of stimuli but were not visible during stimuli presentation. The left inset is
an example of a Gabor patch.
Images were presented briefly followed by a blank screen for 50 ms that contained only
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the fixation cross. A mask was displayed in the same location as the stimuli for maximum
masking effect [Polat et al. (2007)]. The masks were plaid Gabor patches, which were simply
a pair of two Gabor patches (4◦ diameter, 100% contrast) with orthogonal orientations
overlaid. The exposure duration of the mask was always the same as the exposure of the
Gabor patches. To be consistent with previous studies, there was no masking in the letter
matching task. In orientation matching, each Gabor patch could be oriented in any direction
between 0◦ and 360◦, thus minimising access to a descriptive identifier (e.g. "horizontal"). If
the orientation of both Gabors was the same, half participants were instructed to press a
key using their dominant hand and for different, using their non-dominant hand. The other
half of participants had reversed key mappings. This counterbalancing was maintained in
all the other estimation procedures. A response window of 3 seconds was given and even
when no response was made, the program continued on to the next trial. Tones were played
after each trial to signify either a correct or an incorrect response. All participants indicated
that they could distinguish between the two tones and thus had effective feedback. All runs
were user initiated, with instructions at the beginning. A single run took at least 5 minutes,
depending on the individual’s detection threshold.
One control participant’s data set for speed matching staircase was removed because
wrong response keys were pressed. Further exclusion was based on post-hoc frequency
analysis of the percentage of fixation breaks, graphically presented in the histograms (Fig.
6). In the validation part, a fixation break is defined as any eye movement a participant
made that displaced their gaze more than 2◦ away from the fixation cross when stimuli were
displayed on the screen. Eye movements during the inter-stimulus interval (ISI) when only
the fixation cross was on the screen were not included in the analysis. However, because
each participant had different trials depending on their performance, the percentage of trials
for which they made a fixation break was used as criterion for the frequency analysis. It
is possible that longer exposure durations made it possible for participants to look away
from the fixation cross without missing a trial. Because maintaining fixation is critical in
these experiments, data obtained from participants who broke fixation more than 10% of the
trials were excluded. This left 7 data sets for the orientation matching, 11 data sets for speed
matching, and 16 data sets for letter matching. The average presentation times from these
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individuals were used as optimum exposure durations: 500 ms for orientation, 400 ms for
drift speed and drift direction, by the assumption discussed earlier, and 120ms for letters,
which is similar to the commonly used presentation time in the past [Barr and Corballis
(2002)].
Figure 6: Histogram of percentage of trials that a participant broke fixation
averaged over all runs during (A) orientation, (B) speed, or (C) letter matchin
task. More than half of the participants broke fixation more than 20% of the trials
in the orientation matching task. Participants kept fixation breaks at a maximum
of 10% in the letter matching task.
3.1.2. Spatial Integration Task
A novel task that tested a participant’s ability to react to bilaterally presented spatial stimuli
was introduced in this study. In this task, a cue was presented to one hemifield and the target
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was presented to the other hemifield. The locations of the cue and target were mirrored
about a vertical meridian (not shown) that passed through the fixation cross (see Fig. 7). A
successful trial would occur in the case of effective transfer of spatial information across the
midline.
Two groups of circles, one comprising open circles and the other comprising closed
circles, appeared on either side of the fixation cross (Fig. 7). The task was to locate the
cue (black open circle) and find the circle located in the mirrored position among the filled
circles. The participants were asked to indicate with a key press if the mirror image was a
black or a white filled circle. In Fig. 7, the correct answer is white. All participants were
trained with feedback tones on 50 trials per hemifield, with the number of circles randomly
varied between 2 and 20, inclusive, before the staircase procedure. To avoid underestimating
the ceiling level for controls, a transformed weighted adaptive staircase method was used
to estimate 95% level thresholds [Kingdom and Prins (2010)]. Only two circles on each
side were displayed initially, with a step size of 1 unit. Whenever a participant made 4
consecutive correct responses, the number of circles for the succeeding trials was increased
by 1 step (+1 circle) until the number of circles reached a limit (capped at 20). When a
mistake was made, 4 steps (-4 circles) were removed, thus creating a turning point. Each
run of the task was terminated after 8 turning points and the detection threshold estimate
was computed as the average of the final 6 turning points.
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Figure 7: Stimulus locations used in the spatial integration task. A fixation cross
(0.6◦) was located in the middle of the screen. The group of open circles with five
whites and one black appeared on either side of the cross and the filled circles
appeared in the other hemifield. Each circle had a diameter of 0.8◦. The farthest
horizontal distance from fixation to either side was kept constant at 10.0◦. The
separation between topmost and bottom circle was 10.0◦. The grid in which
circles were displayed spanned 20.0◦× 10.0◦ centred on the fixation cross, but the
white rectangular boundary was not shown during presentation. The participant
indicated whether the black open circle’s mirror image in the opposite hemifield
was black or white. In this example, the mirror image is white.
The open circles always appeared first and were displayed for 1000 ms before the filled
circles appeared. The two groups of circles were displayed for a further 300 ms, followed
by a blank screen for 50 ms that contained only the fixation cross and then by a mask
in the form of filled black and white circles covering the entire 20.0◦ × 10.0◦ area. The
exposure duration of the mask was constant at 300ms. If the mirror circle was black, half of
the participants were instructed to press a key using their dominant hand and for white,
using their non-dominant hand. The other half of participants had reversed key mappings.
A response window of 3 seconds was given and even when no response was made, the
program continued on to the next trial. Tones were played after each trial to signify either
a correct or an incorrect response. All participants indicated that they could distinguish
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between the two tones and thus had effective feedback. All runs were user initiated, with
instructions at the beginning. A single run took at least 5 minutes, depending on the
individual’s detection threshold. The validation of this experiment resulted in 6 being the
optimum number of circles in each group.
3.2. DCC Participant Profiles
In the experiment proper, 10 DCC participants (4 females, 6 males, aged 23-72 years) and
32 control adults (13 females, 19 males, aged 18-66 years) participated in the research. The
DCC participants were recruited for the psychophysical tests and neuroimaging from a DCC
databse established at the Queensland Brain Institute by Prof. Linda Richards. Only adult
participants who indicated previously that they were interested in future research studies
were approached. Shown in Fig. 8 are the age distributions of all participants. While there is
a reasonably good age matching of DCC and controls between the ages of 20 and 35, some
of the DCC participants did not have precisely age-matched controls. In the next chapter, I
discuss the effects of age on performance in controls.
Figure 8: Age profile of DCC and control participants.
Figs. 9 and 10 show sagittal and axial slices of anatomical MRI scans of the DCC
participants. S01, who has complete agenesis of the CC with colpocephaly based on their
clinician’s report, was unable to undergo MRI scans. The bore size was too small to
accommodate the participant. It can be seen from Figure 9 that the callosal malformation
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in our cohort varies widely between participants. The individuals in the top row (S03, S04,
and S09) have complete agenesis of the corpus callosum. The individuals in the second
and bottom rows all have dysgenesis of the corpus callosum, showing remnants in the
anterior portion. Note that S10 also has a remnant portion of the corpus callosum. In Fig.
10, pronounced enlargement of the lateral ventricles are seen in participants S03, S06, and
S08. This condition is typical in colpocephaly, which is a known neurological comorbidity
of DCC.
3.3. Behavioural testing paradigm
Eye gaze data were collected from each participant (except S01, S02, and the first two
control participants due to technical difficulties) as they performed the behavioural tasks.
The camera was calibrated and validated for each participant using a randomised 9-point
calibration grid. All participants gave informed consent prior to performing the tasks. The
script for the orientation matching tasks is included in Appendix B.
Experiment 1. Matching Tasks.
The first set of behavioural tasks involved matching two stimuli presented simultaneously
and tachistoscopically. Gabor patches and letters comprised the target visual stimuli, which
was kept within 8.0◦ from fixation (6.0◦ fixation-to-centre, 4.0◦ diameter). In the orientation
matching task, the Gabor patches had a spatial frequency (SF) of 2 cycles per degree. In the
speed and direction matching tasks, the Gabor SF was 1.4 cycles per degree. In all low-level
experiments, the Gabor patches had a contrast of 100%.
Fig. 11A shows the timeline of the matching paradigm for one trial. Each run was
initiated by the participant by pressing any key, after which a fixation cross appeared.
In a single trial, stimuli were presented either only in the left visual field (LVF) or right
visual field (RVF) for unilateral presentations, or the upper/lower visual fields for bilateral
presentations. Spatial pre-cuing, which has been shown to increase perceptual performance
[Liu et al. (2005)], was used to prompt the participant to attend to the relevant hemifield,
but not to break fixation. The stimuli were presented for short durations (from previous
section: 120 ms for letters, 500 ms for orientation, 400 ms for drift speed and direction) and
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followed by a mask (same duration as stimuli except for letters) after 50 ms to terminate
retinal processing of the target stimuli. ISI was jittered between 1 and 1.5 s. To respond,
a participant pressed a button corresponding to either "same" or "different" (1AFC Same-
Different, [1]). In all tasks, a high/low frequency beep informed the participant that they
had given a correct/incorrect response, respectively. This built confidence during practice
runs and also helped participants ensure that their responses were being recorded.
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Figure 9: Medial sagittal slices from T1-weighted MRI of individuals with DCC
(c.f. Fig. 1). Top row: individuals with callosal agenesis. Middle and bottom
rows: individuals with different degrees of callosal dysgenesis. No data for S01.
Note that S10 has a remnant portion in the posterior section corresponding to
the splenium in an otherwise fully developed corpus callosum.
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Figure 10: Axial sagittal slices from T1-weighted MRI of individuals with DCC.
Top row: individuals with callosal agenesis. Middle and bottom rows: individu-
als with different degrees of callosal dysgenesis. No data for S01. Pronounced
enlargement of the lateral ventricles in participants S03, S06, S08.
The participant, while fixating a central cross, answered same or different by pressing
keys on a keyboard inside a response window of 2 s. One DCC participant (S05) was
unable to respond manually. Instead, she responded verbally and I pressed the keys for
her. The order of same or different stimuli was randomised to ensure that participants were
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basing their responses on their perception. Presentation was also randomised to minimise
sequential dependency so it did not affect accuracy and response times [4]. Presenting
the stimuli in blocks, for example, in the left visual hemifield successively, could affect the
response of the participant if they noticed that a number of trials were all "same" and may
have made a "different" response even though it was not what was perceived.
Experiment 2. Spatial Integration Task.
The design used in this new task is a closely related to the task in Holtzman (1984). However,
instead of moving eye gaze, I used a two-choice (black or white) paradigm that can be
indicated with a button press. This addresses the capacity to transfer spatial information
presented in one hemifield to the other. Fig. 11B shows the timeline of the experimental
paradigm. Each run was initiated by the participant by pressing any key, after which a
fixation cross appeared. A group of 6 open circles appeared on either side of the fixation
cross. Among the open circles, one was black and the rest were white. The position of the
black open circle served as the spatial cue. After 1s, a mirror image consisting of 6 filled
circles appeared on the other side. In the grid with filled circles, the circles were coloured
either black or white in equal proportions. The participant were asked to report the colour of
the target circle, which was the mirror image of the spatial cue, by pressing a corresponding
key. At 300 ms after the appearance of the filled circles, a mask composed of black or
white filled circles replaced the images on both sides of fixation. For the example given
in Fig. 11B, the correct response is white. The cue and target were presented to opposite
hemifield randomly. Similar to the matching tasks, ISI was jittered between 1000 and 1500
ms. Also, high/low frequency feedback beeps were used to indicate correct/incorrect
response, respectively.
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Figure 11: Schematic diagram of stimuli versus presentation timeline. A. Experi-
ment 1. Each trial started with a blank screen containing only a fixation cross
(ISI jittered between 1000 and 1500 ms), followed by location cues that indicated
the hemifield a participant should attend (100 ms), cue-to-target blank screen
(1000 ms), target stimuli (Gabor patches or letters), target-to-mask blank screen
(50 ms), and pattern masks (plaid Gabor patches). Inset images show central
field of view with fixation cross and target Gabors drawn to scale for a trial of
unilateral presentation to one hemifield of "different" orientation target images
(top) and bilateral presentation to both hemifields of "same" orientation target
images (bottom). B. Experiment 2. Each trial started with fixation (ISI jittered
between 1000 and 1500 ms), followed by cue group (6 open circles —5 white and
1 black) in one hemifield (1000 ms), target group (6 filled circles —3 white and
3 black) in the opposite hemifield (300 ms), and finally, masks (filled black and
white circles) in both hemifields (300 ms). Inset shows the central 20◦ × 10◦ of
field of view drawn to scale and centred on fixation cross showing cue to the
right and "white" target to the left. In both experiments, participants were given
additional response window with a blank screen and fixation cross if they have
not responded by the disappearance of the last images in each trial.
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3.4. Neuroimaging
MRI data were acquired on a MAGNETOM 7 Tesla wholebody scanner (Siemens Healthcare,
Erlangen, Germany) with a 32-channel head coil (Nova Medical, Wilmington, US) at the
Centre for Advanced Imaging at the University of Queensland. Structural images were
acquired using a magnetization prepared 2 rapid acquisition gradient echoes (MP2RAGE)
sequence [Marques et al. (2010)] (repetition time (TR) = 4300 ms, echo time (TE) = 3.25 ms,
total acquisition time (TA) = 10 minutes, voxel size 1.0× 1.0× 1.0 mm, field of view 192× 240
mm). Functional images for the retinotopic mapping were acquired using a T∗2 -weighted
two-dimensional gradient-echo echo-planar imaging (EPI) sequence (TR = 1220 ms, TE =
24 ms, TA = 3 minutes, 66 transversal slices, voxel size 2.0× 2.0× 2.0 mm, 40◦ flip angle,
field of view 224× 224 mm). Two fMRI scans were carried out with one each for the polar
angle and eccentricity mapping, for a total of 6 minutes of functional imaging. Multi-shell
whole-brain high-angular-resolution diffusion imaging (HARDI) [Tuch et al. (2002) and
Zhan et al. (2011)] was performed at diffusion-weighting strengths of b = 2000s/mm2 with
64 gradient directions and b = 700s/mm2 with 32 gradient directions (TR=12000, TE=54.4
ms, TA=15 minutes, interleaved 1.8mm axial sections with no gap, voxel size 1.55× 1.55× 1.8
mm3, field of view 223.2× 223.2 mm). In addition to the diffusion-weighted images, a total
of 3 images without diffusion weighting (b0) were acquired. Lastly, an additional b0 image
was acquired with a reverse phase-encoding direction for EPI distortion correction.
No imaging data were acquired for control adults. Thus, various metrics presented in the
present study are not directly comparable between control and DCC participants. Instead,
where it is available, values from relevant literature are reported.
3.4.1. Image pre-processing
The functional images were motion corrected using SPM12 Update Revision Number 6225
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The functional images were also
smoothed with a 1× 1× 1mm3 smoothing kernel for visualisation purposes. The diffusion-
weighted images were pre-processed using FATCAT axialisation command to align the
anterior and posterior commissures in the images [Taylor and Saad (2013)]. EPI distortion
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correction was also applied using topup and applytopup commands of the FSL suite
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). Further pre-processing was carried out
using TORTOISE (https://science.nichd.nih.gov/confluence/display/nihpd/TORTOISE)
[Pierpaoli et al. (2010)], including motion and eddy current distortion correction. Images
from all modalities were co-registered using a python script execution [Saad et al. (2009)] of
AFNI commands [Cox (1996)].
3.4.2. Cortical surface reconstruction
Anatomical images were processed with Freesurfer (https://surfer.nmr.mgh.harvard.edu/)
stable version 6 running on a Linux platform. Each participant’s structural image was passed
through the pipeline with the command:
recon-all -all -s SUBJECTID -i IMAGE.nii
where SUBJECTID is simply the participant’s code and IMAGE.nii is the path to the
structural image in Neuroimaging Informatics Technology Initiative (NIFTI) file format.
Technical details of the pipeline have been discussed elsewhere [Dale et al. (1999), Fischl et al.
(1999), and Fischl (2012)]. In summary, the images were stripped of the skull and segmented.
Cortical surfaces were generated such as the inflated view of the grey-white matter interface
and pial surfaces. For this study, results were visualised on flattened cortical surfaces that
required additional steps in the pipeline. First, a three-dimensional (3D) occipital patch of
the inflated grey-white matter cortical surface with overlaid curvature was cut along the
calcarine as shown in Fig. 12A. Next, 3 points were chosen (labelled 1 through 3 in Fig.
12A-B) to define a cutting plane, and a fourth point determined which patch was kept. From
this, a numerically flattened surface of the occipital lobe of each hemisphere was generated
using the flatten command of Freesurfer:
mris_flatten OCCIPPATCH.3D OCCIPPATCH.FLAT
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Figure 12: Steps in generating a flattened occipital patch. A relaxation cut along
the CS (indicated by the yellow arrow) was made as shown in (A) and a plane
cut was made based on four points (indicated by blue arrows) in (A) and (B).
After the cortical flattening command, a flattened occipital patch was generated
as shown in (C) with the CS outlined in white.
After the recon-all command described above, the average global cortical thickness
was obtained in the stats file of each hemisphere, ?h.aparc.a2009s.stats, where ? is either
l for left or r for right. The cortical thickness was computed as the distance between
the grey-white matter interface and the pial surface, as discussed in Fischl and Dale
(2000). The cortical thickness of the primary visual cortex (V1) was computed using
manually drawn regions of interest (ROI) from the retinotopic maps, which were gen-
erated as disccused in the next section. The steps are based on the tutorials found in
https://surfer.nmr.mgh.harvard.edu/fswiki/VolumeRoiCorticalThickness. From this,
the cortical grey matter volume was also computed, and thus, the surface area of V1 was
also available.
3.4.3. Retinotopic mapping
Retinotopic mapping was carried out by using flickering rotating wedges and expanding
rings [Engel (2012)] and recording the blood oxygen level dependent (BOLD) signal with
functional magnetic resonance imaging (fMRI). Logothetis et al. (2001) has demonstrated
that the BOLD signal is related to the input and intracortical processing rather than the
spiking output as measured from electrophysiological data. Thus, the BOLD signal is a good
proxy for measuring neuronal activity within a given area. The principles of retinotopic
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mapping are shown in Fig. 13. The stimuli create a travelling wave in the visual cortex that
can be mapped based on the delay relative to an ideal time series. The delay is indicative
of the position in space that is encoded by the corresponding cortical area. The position in
the visual field represented by the colour scale is mapped onto the cortical surface using a
phase-delay algorithm.
Figure 13: Illustrated principles of retinotopic mapping adapted from Brewer and
Barto (2012) under Creative Commons Attribution 3.0 License. For eccentricity
mapping, the fovea is represented near the occipital pole with the peripheral
areas represented more anteriorly. For polarity mapping the position of the
wedges subtend the CS. Visual areas are delineated via the colour reversal in the
polarity map.
In the present study, the stimuli were designed and implemented with PTB-3.0.12
(http://psychtoolbox.org/) [Brainard (1997)]. The basic modules are discussed in Lu
and Dosher (2013) and the script for the rotating wedge is included in Appendix B. The
stimulus was projected on a screen 1.3 metres away from a mirror mounted on the head
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coil that reflected the projected images onto the participant’s eyes. The screen spanned
15.7◦ × 10.1◦ of the visual field. The stimulus for mapping the representation of polar angle
was composed of two wedges separated by 180◦. The wedges consisted of a checkerboard
pattern flickering at 8 Hertz. The arcs subtended 45◦ and were displaced clockwise by
11.25◦ every 1 second and returned to the initial position after 16 seconds. The cycle of
stimulation was repeated 10 times. To minimise the length of the scan, a double rotating
wedge was used to map the polarity representation simultaneously in each hemisphere. The
two wedges allowed for simultaneous stimulation of the left and right visual fields.
The stimulus for the mapping the representation of eccentricity was composed of rings
with exponentially increasing radius starting at an inner radius of 0.2◦ until the rings
had radii equivalent to the width of the screen.The rings also had a checkerboard pattern
flickering at 8 Hertz. The radius increased every 1 second. The cycle period was 20 seconds.
The cycle of stimulation was repeated 8 times. At the beginning and end of each stimulus,
a 12 second blank window was added where only the fixation cross was displayed on the
screen. One set each of 150 functional images were acquired for wedge and ring stimulation
and the first and last 10 images were discarded from each run.
The visualisation of the retinotopic maps overlaid on numerically flattened cortical sur-
faces was done in SUMA (https://afni.nimh.nih.gov/Suma) [Saad and Reynolds (2012)].
Area V1 of each DCC participant was delineated using phase-delay analysis of the BOLD
signal [Saad et al. (2001) and Saad et al. (2003)]. Briefly, an ideal time series in the form of a
sinusoid with a temporal frequency matched to the stimulus was generated and stored in a
.1D file. The time course of each voxel in the functional images was correlated to the ideal
time series at various delay parameters. The delay, which is related to the phase of the voxel
time course, was indicative of the position of the stimulus encoded by that specific voxel.
For example, with knowledge that the wedge stimulus started at position θ0, a voxel time
course with 0 delay would mean that voxel encoded θ0 of the visual field. This phase-delay
analysis was carried out using the following commands, where the first command was used
for analysis of polar position and the second was for eccentricity:
3ddelay -input images+orig -ideal_file wedgeideal.1D ...
-fs 0.82 -T 16 -uS -prefix outputwedge
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3ddelay -input images+orig -ideal_file ringideal.1D ...
-fs 0.82 -T 20 -uS -prefix outputring
In previously published literature, a participant was scanned in multiple runs, with the
TA for functional imaging alone going as long as 1.5 hours [Duncan and Boynton (2003) and
Schira et al. (2009)] to get reliable retinotopic activation maps. However, due to constraints
in the amount of time that was available for acquiring BOLD fMRI in DCC participants,
the statistical power to obtain highly robust maps was limited. As such retinotopic maps
exhibit noisy and unreliable areas. Hence, the specific colours do not necessarily match
specific positions in the visual field. The main interest here was the colour reversal in the
polar maps as it signifies the border between the visual areas [Engel et al. (1997), Wandell
(1999), Dougherty et al. (2003), and Wandell and Winawer (2011)], especially evident for the
V1/V2 border.
In this study, the locations of the colour reversals were drawn in SUMA with the ROI
tool. To locate the reversal, I used the colour scale shown in Fig. 14. The top cut of the
flattened cortical surface is the CS (c.f. Fig. 12). In this example, the progression of the
colours represented in the retinotopic map away from the CS goes from blue to pink and
circles back to yellow for the right side (ventral region), consistent with the order in the
colour scale in a cyclic manner. A reversal indicated by the black solid line, which is the
border between V1 and V2, is seen in the colours going from yellow to pink and back to
the bluish hues (see Fig. 14). For the left side (dorsal region), the colours go from blue to
red to orange from the CS to the border, and in reverse from the black solid line going in
the direction of higher visual areas. This process was used for each hemisphere of all DCC
participants.
To find an enclosed V1 area, I used the eccentricity map to find a border perpendicular
to the V1/V2 border and the CS as depicted by the dashed lines in Fig. 14. The eccentricity
map was arbitrarily thresholded to eliminate spurious signals in the anterior direction.
Furthermore, the dorsal and ventral V1/V2 borders were extrapolated to meet towards the
occipital pole. These surface ROI were then converted to volume images with the following
commands:
ROI2dataset -prefix leftvis.1D.dset -input leftvis.niml.roi
43
CHAPTER 3. METHODOLOGY
Figure 14: Retinotopic map of the left hemisphere in a DCC participant (S10)
with a typical retinotopic map. The colour reversals in the polar maps indicated
by the solid black lines represent visual area borders. The asterirsk (*) indicates
the occipital pole. Dorsal aspect is displayed to the left while the ventral aspect
is displayed to the right. The colour bar indicates the progression of colours in
the visualisation of the phase delay of the BOLD signal.
3dSurf2Vol -spec SUBJ.spec -surf_A lh.white -sv SurfVol+orig ...
-grid_parent ’SurfVol+orig[0]’ -sdata_1D leftvis.1D.dset ...
-map_func mode -f_steps 10 -prefix SUBJECT_leftV1
Finally, I checked that the voxels inside the functionally defined V1 were indeed showing
the appropriate BOLD signal in response to the visual stimuli. To confirm this, the BOLD
signal should have a peak located at the fundamental frequency of the stimuli (62.5 mHz
for wedges and 50 mHz for rings). To extract the voxel time series inside the V1 ROI, the
following commands were used:
3dresample -master wedges+orig -prefix mask_?V1 -inset SUBJ_ID_?v1.nii
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3dmaskdump -noijk -xyz -mask mask_?V1+orig ...
wedges+orig > SUBJ_ID_timecoursewedges.txt
3.4.4. Connectivity analysis
The functional V1 areas from the retinotopic maps were then used as an inclusion mask in
the processing of the probabilistic whole-brain tractograms. These volume ROI were then
used to filter the tractograms generated using MRtrix (http://www.mrtrix.org/). Briefly,
anatomically-constrained probabilistic whole-brain tractograms with 20 million streamlines
were generated [Tournier et al. (2010), Smith et al. (2012), and Tournier et al. (2012)] using
constrained spherical deconvolution [Tournier et al. (2004) and Jeurissen et al. (2014)]. These
tractograms were then filtered using the Spherical-deconvolution Informed Filtering of
Tractograms (SIFT) algorithm [Smith et al. (2013)] to retain 2 million streamlines. The
following commands were used:
tckgen SUBJ_FOD_wm.nii.gz SUBJ_WBtract.tck -force -algorithm iFOD2 ...
-grad dir.b -act SUBJ_5tt.nii -crop_at_gmwmi ...
-seed_dynamic SUBJ_FOD_wm.nii.gz -maxlength 250 -select 20M
tcksift -term_number 2M SUBJ_WBtract.tck SUBJ_FOD_wm.nii.gz SUBJ_2Mtract.tck
Further, out of the 2 million tracts, only streamlines that passed through the V1 volume
ROI were retained for the next step of processing. In the probabilistic algorithm used, the
higher the Fiber Orientation Distributions (FOD) amplitude, the higher the probability for a
streamline to traverse that path. Using the following commands, the final streamlines were
converted into a volume image of the FOD amplitude.
tckedit -include SUBJECT_leftV1.nii SUBJ_2Mtract.tck SUBJ_leftvis.tck
tckmap -template SUBJ_DWI.nii -contrast fod_amp ...
-image SUBJ_FOD_wm.nii.gz -stat_vox sum
SUBJ_leftvis.tck SUBJ_FODamp_leftv1.nii
This process was repeated for the right hemisphere. The FOD amplitude volume image
contained information proportional to the probability amplitudes of the streamlines. Lower
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amplitudes mean lower probabilities of having a streamline present in the respective voxels.
Through this, it was possible to visualise midline crossings of streamlines from the left and
right V1. This process was carried out for all participants in the DCC cohort.
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4.1. Behavioural Results
4.1.1. Performance accuracy and response times
Performance for four types of visual features was measured in this study. Participants were
asked to match orientation, drift speed, drift direction, or letters that were presented either
unilaterally or bilaterally in separate tasks (see Fig. 11A). A fifth task involved bilateral
integration of spatial information across the two hemifields (see Fig. 11B). Performance
accuracy and response times were recorded for each participant. All statistical analyses
were carried out using MatLab toolboxes and commands, unless otherwise specified. A
statistical significance threshold of α = 0.05 was used, unless otherwise specified. Each DCC
participant was considered as a single subject independently from the rest of the DCC cohort
and statistical analysis followed the procedure in Crawford and Howell (1998). Briefly, with
a small normative sample size, a modified t-test was used in which each DCC participant
was treated as a sample of N = 1. This strategy eliminated the contribution of the single
subject to the estimate of within-group variance.
Control participants showed no difference in performance between unilateral and bilat-
eral tasks
Table 4.1 shows the mean accuracy of male and female control participants including the
standard error of the mean under unilateral and bilateral presentation conditions. The
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spatial integration task was inherently bilateral and thus, there is no score reported for
unilateral condition under this task. Female control participants had the lowest accuracy
(84.3%) in the unilateral orientation matching task and the highest accuracy (94.0%) in the
bilateral letter matching task. Male control participants had the lowest accuracy (89.5%) in
the spatial integration task and the highest accuracy (95.5%) in the bilateral letter matching
task.
For each presentation condition under each feature, a two-sample unpaired t-test showed
that, except for orientation matching, there were no differences in performance between the
two genders. However, in orientation matching, males were more accurate than females,
with a difference of about 6% for both presentation conditions (see under Orientation,
Table 4.1). If corrected for multiple comparisons, both differences fail to reach significance.
Taken together, these results indicate that control participants were able to accurately match
images in both unilateral and bilateral presentation conditions without any differences
across gender.
Table 4.2 shows the mean RT of male and female control participants in all the behavioural
tasks. Both male and female groups had the shortest RT in the bilateral letter matching task
and the longest RT in the spatial integration task. A two-sample unpaired t-test showed that
there were also no differences between the RT of male and female control participants under
either presentation condition for all tasks.
Table 4.3 shows correlation coefficients and the corresponding p-value between perfor-
mance in the unilateral and bilateral conditions in control participants for each task. RT
were more correlated (r close to unity) than accuracy (r around 0.7) between unilateral and
bilateral conditions. Overall, control participants showed highly correlated performance,
both in terms of accuracy and response times, between unilateral and bilateral conditions.
A two-sample unpaired t-test also showed no difference between unilateral and bilateral
performance of controls in all tasks.
Table 4.4 shows the correlation coefficients between accuracy and age in all the be-
havioural tasks under unilateral and bilateral presentation conditions. The results for
orientation matching was split into groups of males and females. Table 4.5 shows the correla-
tion coefficients between response times and age. When corrected for multiple comparisons,
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there were no significant correlations between either accuracy or RT and age.
DCC participants showed heterogeneous performance in matching tasks
In contrast to participants in the control cohort, individuals with DCC showed either
significantly decreased accuracy in bilateral matching and normal accuracy in unilateral
matching, or significantly decreased accuracy in response to both unilaterally and bilaterally
presented images. However there was one participant (S06) who consistently showed typical
behaviour. Moreover, there was no significant correlation between age and performance
—neither in accuracy nor in RT —in any of the behavioural tasks in the DCC cohort.
The performance of each DCC participant was compared individually to the performance
of control participants using the single-subject analysis previously discussed [Crawford
and Howell (1998)]. The results of this analysis applied to performance accuracy of DCC
participants is shown graphically in Fig. 15 and presented in Table 4.6.
In Fig. 15, accuracy when responding to unilaterally or bilaterally presented stimuli
are plotted along the x-axis or y-axis, respectively for the various visual features tested.
Participants plotted to the left of the vertical dashed lines showed statistically significant
bilateral deficits in the matching tasks, whereas participants below the horizontal dashed
lines showed statistically significant unilateral deficits. Note, however, that there were
controls whose performance were beyond the critical values, albeit with smaller effect sizes
(e.g. the participant blue circle just below the horizontal dashed line in Fig. 15B.)
As seen in Fig. 15A, when matching orientation, S02, S03, S06 and S08 appeared to
behave typically. Even when we separate the data into male and female, only S08 (male)
was found to lie just outside the normal bilateral accuracy limits. S09 exhibited normal
unilateral performance and compromised bilateral performance in the orientation matching
task. All the other participants (S01, S04, S05, S07, S10) showed both significant unilateral
and bilateral deficits in orientation matching.
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Figure 15: Unilateral accuracy on x-axis and bilateral accuracy on y-axis of
controls (blue circles) and DCC participants (red squares) in response to match-
ing visual features (A orientation, B speed, C direction, D letters). There is a
significant difference between performance of females and males when matching
orientation and thus, analysis of this feature is split into two groups shown
under panel A (female and male). Participants who lie to the left of vertical
dashed lines (critical unilateral accuracy) and/or below the horizontal dashed
line (critical bilateral accuracy) have significant deficits in visual processing with
α = 0.05.
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Table 4.6: t-scores and p values of DCC participants’ accuracy in matching tasks
compared to normative sample.
Orientation
Unilateral Bilateral
S01 t=3.67, p<0.01 t=4.35, p<0.01
S02 t = 0.52, p > 0.05 t = 2.05, p > 0.05
S03 t = 1.68, p > 0.05 t = 0.49, p > 0.05
S04 t=4.86, p<0.001 t=7.20, p<0.001
S05 t=4.70, p<0.001 t=5.17, p<0.01
S06 t = 0.00, p > 0.05 t = 0.23, p > 0.05
S07 t=3.83, p<0.01 t=7.20, p<0.01
S08 t = 2.05, p > 0.05 t=2.27, p<0.05
S09 t = 0.69, p > 0.05 t=5.38, p<0.001
S10 t=3.07, p<0.05 t=5.25, p<0.001
Speed
Unilateral Bilateral
S01 t=3.39, p<0.01 t=8.22, p<0.001
S02 t = 0.30, p > 0.05 t=2.90, p<0.01
S03 t = 0.30, p > 0.05 t=3.64, p<0.001
S04 t=6.57, p<0.001 t=8.46, p<0.001
S05 t=6.29, p<0.001 t=7.74, p<0.001
S06 t = 0.77, p > 0.05 t = 0.26, p > 0.05
S07 t=4.80, p<0.001 t=5.81, p<0.001
S08 t = 0.36, p > 0.05 t=4.96, p<0.001
S09 t=3.48, p<0.01 t=7.38, p<0.001
S10 t=6.48, p<0.001 t=9.31, p<0.001
Direction
Unilateral Bilateral
S01 t=3.98, p<0.001 t=3.98, p<0.001
Continued on next page
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Table 4.6 – continued from previous page
S02 t = 0.48, p > 0.05 t = 2.22, p < 0.05
S03 t = 0.70, p > 0.05 t = 1.92, p > 0.05
S04 t=5.11, p<0.001 t=5.16, p<0.001
S05 t=4.89, p<0.001 t=4.93, p<0.001
S06 t = 0.33, p > 0.05 t = 0.27, p > 0.05
S07 t=3.92, p<0.001 t=3.80, p<0.001
S08 t = 0.33, p > 0.05 t=2.12, p<0.05
S09 t = 1.28, p > 0.05 t=4.10, p<0.001
S10 t=4.81, p<0.001 t=4.70, p<0.001
Letters
Unilateral Bilateral
S01 t=5.17, p<0.001 t=6.88, p<0.001
S02 t=3.13, p<0.01 t=0.59, p<0.05
S03 t = 0.99, p > 0.05 t=5.01, p<0.001
S04 t=6.89, p<0.001 t=9.43, p<0.001
S05 t=4.20, p<0.001 t = 1.44, p > 0.05
S06 t = 1.16, p > 0.05 t=2.29, p<0.05
S07 t=3.84, p<0.001 t=4.33, p<0.001
S08 t = 0.62, p > 0.05 t = 0.26, p > 0.05
S09 t = 5.81, p > 0.05 t=8.41, p<0.001
S10 t=2.95, p<0.01 t=2.12, p<0.05
t-scores were computed using the formula in Crawford and Howell (1998):
t =
X− X¯
Sc
√
Nc + 1
Nc
, where X is a participant’s accuracy, X¯ is the control group’s
mean accuracy, Sc is the standard deviation in control group’s accuracy, and
Nc = 32 is the size of the control group. Bold values show significant difference
to control group’s mean.
In Fig. 15B, S06 performed within the normal range in the speed matching task. S02,
S03, and S08 showed only bilateral deficits while everyone else (S01, S04, S05, S07, S09, and
54
CHAPTER 4. RESULTS
S10) showed both unilateral and bilateral deficits.
As for accuracy in direction matching shown in Fig. 15C, S03 and S06 performed within
the normal range. S02, S08, and S09 showed bilateral deficits while the rest (S01, S04, S05,
S07, and S10) showed both unilateral and bilateral deficits.
Lastly, for letter matching, S01, S04, S07, S09, and S10 showed both unilateral and
bilateral deficits. This time, only S08 behaved within the normal range, whereas S03 and
S06 exhibited bilateral deficits. S02 and S05, on the other hand, showed unilateral deficits
and not bilateral deficits.
In the inherently bilateral task of spatial integration, single-subject analysis was again
used as in the matching tasks, and results are shown in Fig. 16 and in Table 4.7. S03, S05,
and S08 performed within the typical range of behaviour as measured in controls, both in
terms of accuracy and response times. S01, S06, S07, S09, and S10, on the other hand, had
lower accuracies, but their response times were within normal range. S02 and S04 exhibited
lower accuracies and abnormal response times.
DCC participants did not deviate from linearity of bilateral and unilateral RT
In the control cohort, unilateral and bilateral response times exhibited a strong linear
relationship as seen in the left panels (A-D) in Figure 17. The red solid line is a linear fit with
slope of approximately 1, indicating equal RT for both unilateral and bilateral conditions.
The residual plots in Fig. 17E-H show a random distribution of residuals indicating a good
fit of the linear model of response times.
Using the MatLab command predint, prediction bounds for the linear fit with 95%
confidence levels were determined. For orientation matching, S02 and S03 exhibited larger
bilateral RT than would be expected based on their unilateral RT as seen in Fig. 17A. S05 on
the other hand exhibited large unilateral and bilateral RT. However, this can be explained
by the fact that S05 was unable to respond manually. Thus, I had to press the keys on her
behalf, as she responded verbally. This significantly increased the recorded RT for S05 and
therefore will no longer be discussed as it is impossible to disentangle my manual RT from
S05’s verbal RT. Every other DCC participant had approximately equal response times in
both presentation conditions. In speed matching (Fig. 17B), S03 again exhibited significantly
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larger bilateral RT. In direction matching (Fig. 17C), S02 and S03 both showed significantly
larger bilateral response time. Lastly, in letter matching (Fig. 17D), S01, S03, S05, and S10 all
exhibited larger bilateral RT.
Figure 16: Response times (y-axis) plotted against accuracy (x-axis) of control
participants (blue circles) and DCC participants (red squares) in the spatial
integration task. Horizontal dashed lines indicate critical response time values
(0.41s and 1.34s) and ertical dashed line indicates critical accuracy value (71.5%)
with α = 0.05 based on responses of controls.
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Table 4.7: t-scores and p values of DCC participants’ accuracy in spatial integra-
tion task compared with normative sample.
Participant
S01 t=4.63, p<0.001
S02 t=2.20, p<0.05
S03 t = 0.68, p > 0.05
S04 t=.454, p<0.001
S05 t = 1.13, p > 0.05
S06 t=2.29, p<0.05
S07 t=2.92, p<0.01
S08 t = 0.49, p > 0.05
S09 t=5.26, p<0.001
S10 t=4.00, p<0.001
t-scores were computed using the formula in Crawford and Howell (1998):
t =
X− X¯
Sc
√
Nc + 1
Nc
, where X is a participant’s accuracy, X¯ is the control group’s
mean accuracy, Sc is the standard deviation in control group’s accuracy, and
Nc = 31 is the size of the control group (31 for SI: spatial integration).
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Figure 17: Response times in unilateral (x-axis) and bilateral (y-axis) conditions
of control participants (blue circles) and DCC participants (red squares) when
responding to (A) orientation, (B) speed, (C) direction, or (D) letters. Red lines
in (A-D) shows linear fit with unitary slope and purple lines show prediction
bounds with 95% confidence. (E-H) shows corresponding residual plots with the
red lines showing a line through y = 0.
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4.1.2. Eye movements
Eye movement was tracked for each participant as they performed the tasks. However, due
to technical difficulties on the day of the tests, eye movement data were not available for
S01 and S02. The first instances of fixation break that happened inside a trial presentation
window were analysed. In the actual behavioural tests, a fixation break was defined as any
saccadic eye movement away from fixation, regardless of the magnitude of displacement.
The participants may have made saccadic eye movements after the initial fixation break that
was still inside the stimulus presentation window, but those instances were excluded from
the analysis. In cases of fixation breaks that occurred when no stimuli were displayed (only
the fixation cross was on the screen), the eye movements were also excluded in the analysis.
A MatLab toolbox, CircStat [Berens (2009)], was used in the analysis of the eye movement
data owing to its circular nature with the origin located at the fixation cross.
DCC participants exhibited unimodal eye movements for bilateral tasks
The saccadic eye movements were binned into 30◦ polar bins with the first bin from −15◦ to
15◦ centred at 0◦, and so on. Eye movements were initially averaged over all participants
in each cohort for all low-level visual features (Fig. 18). Control participants exhibited
non-directional eye movements around the fixation cross for both presentation conditions.
DCC participants also exhibited non-directional eye movements during unilateral stimulus
presentation. In contrast, DCC participants showed a bias to look to the right of the fixation
cross when confronted with bilateral stimuli. Using the Rayleigh test for non-uniformity on
the binned data, eye movements of DCC participants during bilateral tasks were unimodal
as seen in Table 4.8 with mean direction, θ = 12.8◦.
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Figure 18: Mean frequency of saccadic eye movements averaged across partic-
ipants (red and blue for DCC with data from 8 participants, green and yellow
for controls with data from 30 participants) and low-level visual features for
bilateral and unilateral presentation conditions. The radial axis indicates count
of eye movements to the specific sector in the visual field.
Table 4.8: Rayleigh’s test for non-uniformity of average saccadic eye movements.
Unilateral Bilateral
Controls z = 0.112, p > 0.05 z = 2.1042, p > 0.05
DCC z = 1.308, p > 0.05 z=11.6076, p<0.001
z = nR¯2, where R =
√
(∑ni=1 cos θi)2 + (∑
n
i=1 sin θi)2, R¯ = R/n, and θi is the i
th
angle from i = 1, ..., n. Equations from Fisher (1995), MatLab implementation of
the Rayleigh test from Berens (2009).
Individual eye movement polar histograms of each DCC participant are shown in Figs.
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19-26. The plots on the right of each panel are for unilateral condition (blue) and the plots
on the left are for bilateral condition (red). Looking at the polar histograms, S06 and S07 did
not exhibit any bias in the direction of eye movements. All the other participants (S03, S04,
S05, S08, S09, and S10), however, appeared to move their eyes to the right side of fixation
when they were matching bilaterally presented low-level stimuli.. This directionality is
supported by results of the Rayleigh test for non-uniformity, with the values listed on Table
4.9. Mean direction θ of the circular data sets that were unimodal are listed in Table 4.10. The
same DCC participants also showed unimodal eye movements in response to unilaterally
presented low-level stimuli, but no definitive average direction was established (Table 4.10).
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Table 4.9: Rayleigh’s test for non-uniformity of individual saccadic eye move-
ments of each DCC participant for each visual feature.
Unilateral Bilateral
Orientation
S03 z=70.5, p<0.001 z=65.8, p<0.001
S04 z=9.3, p<0.001 z=27.6, p<0.001
S05 z=3.4, p<0.05 z=10.8, p<0.001
S06 z = 0.4, p > 0.05 z = 1.5, p > 0.05
S07 z = 2.9, p > 0.05 z = 1.8, p > 0.05
S08 z=14.5, p<0.001 z=13.4, p<0.001
S09 z=14.7, p<0.001 z=28.7, p<0.001
S010 z=3.2, p<0.05 z=10.2, p<0.001
Speed
S03 z=6.9, p<001 z=54.7, p<0.001
S04 z=13.7, p<0.001 z=22.6, p<0.001
S05 z = 0.2, p > 0.05 z = 4.6, p < 0.05
S06 z = 1.8, p > 0.05 z = 0.9, p > 0.05
S07 z = 2.8, p > 0.05 z = 1.7, p > 0.05
S08 z=5.5, p<0.05 z = 2.6, p > 0.05
S09 z=5.5, p<0.05 z=10.1, p<0.001
S010 z=3.2, p<0.05 z=14.5, p<0.001
Direction
S03 z = 2.4, p > 0.05 z=38.0, p<0.001
S04 z=19.7, p<0.001 z=49.2, p<0.001
S05 z = 1.6, p > 0.05 z = 1.2, p > 0.05
S06 z = 1.3, p > 0.05 z = 2.2, p > 0.05
S07 z = 0.5, p > 0.05 z=8.3, p<0.001
S08 z=12.5, p<0.001 z=3.2, p<0.05
S09 z=4.2, p<0.05 z=7.8, p<0.001
S010 z=3.9, p<0.05 z=9.0, p<0.001
Letters
S03 z = 0.8, p > 0.05 z = 1.7, p > 0.05
S04 z = 2.2, p > 0.05 z = 0.4, p > 0.05
S05 z = 3.9, p < 0.05 z = 2.1, p > 0.05
S06 z = 0.1, p > 0.05 z = 1.7, p > 0.05
S07 z = 1.0, p > 0.05 z = NaN, p = NaN
S08 z = 0.7, p > 0.05 z = NaN, p > NaN
S09 z = 2.9, p > 0.05 z = 0.1, p > 0.05
S010 z=4.7, p<0.05 z = 0.4, p > 0.05
Variables and equations are the same as in Table 4.8.
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Figure 19: S03’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S03 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 20: S04’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S04 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 21: S05’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S05 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 22: S06’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S06 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 23: S07’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S07 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 24: S08’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S08 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 25: S09’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S09 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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Figure 26: S10’s eye movement polar histogram. First instances of fixation break
during matching of bilaterally (red) and unilaterally (blue) presented images:
(A) orientation, (B) speed, (C) direction, (D), letters. Origin corresponds to the
position of the fixation spot and the pairs of × and + indicate corresponding
pairs of stimuli locations. Eye movements are binned into 30◦ sectors centred
at [0◦, 30◦, ..). The radial axis indicates the magnitude of eye displacement from
fixation averaged over all instances of eye movement in that sector. The colour
saturation depicts the count of instances when S10 broke fixation and looked
towards the each sector; darker colour means more instances of fixation break.
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4.2. Imaging Results
Anatomical images were acquired for each DCC participant except S01, whose imaging data
are not available. As seen in Fig. 9, some DCC participants had remnant callosal structures,
mostly in the anterior portion. The only participant presenting with callosal structure in the
posterior section is S10. These anatomical images were processed with the Freesurfer image
analysis suite.
4.2.1. Anatomical and functional images
Preserved callosal structure does not correlate with bilateral performance
Table 4.11 shows the cross-sectional area in mm2 of the remnant callosal structure in the DCC
participants. S03, S04, S06, and S09 have agenesis of the CC while the rest have remnant
structures (c.f. Fig. 9). Table 4.12 shows correlation coefficients and p-values between the
callosal area and bilateral performance in DCC participants, both for accuracy and response
times. Accuracy in matching letters that had been bilaterally presented showed the largest
correlation with the presence of a remnant callosal structure. However, when corrected for
multiple comparisons, this effect proved insignificant. Though letters and Gabor patches
may recruit different processes a priori, this thesis specifically studied interhemispheric
transfer of low-level vision. While familiarity of the two stimulus types are incomparable,
they still both must pass the typical retinogeniculocortical pathway. That warranted the
correction for multiple comparisons across stimulus types. Nevertheless, the correlation
between behaviour in letter matching and neuroanatomy is strong enough to suggest further
investigation into the role of higher-order processes in the bilateral transfer of information.
Performance in matching low-level images were uncorrelated to the callosal cross-sectional
area.
It should be noted here that some individuals with DCC had measurable ACs. However,
the AC in some individuals (S06 and S10) could not be anatomically delineated. The
available cross-sectional area of the AC is included in Table 4.11 inside the parenthesis.
Among individuals with the available data, other than S02, all DCC individuals appeared
to have enlarged AC compared to control individuals (larger than the average value of
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12.57mm2) as measured in [Allen and Gorski (1992)]. The cross-sectional area of the AC did
not correlate significantly with the performance of individuals with DCC.
Table 4.11: Cross-sectional area of remnant CC.
Participant Area (mm2)
S02 198 (10)
S03 0 (22)
S04 0 (26)
S05 290 (18)
S06 0
S07 62 (14)
S08 365 (16)
S09 0 (20)
S10 281
Imaging data not available for S01. Values inside parenthesis are cross-sectional
areas of apparent anterior commissure.
Table 4.12: Correlation with bilateral performance.
Accuracy
Feature Pearson r p-value
Low-level -0.217 0.575
Letters 0.768 0.015
SI 0.387 0.303
Response time
Feature Pearson r p-value
Low-level 0.429 0.249
Letters 0.331 0.384
SI 0.406 0.278
SI: spatial integration.
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Visual field representations of DCC participants are retinotopically organised
Visual field representations in the cortex were studied in DCC participants. fMRI was
used to record the BOLD signal in response to flickering rotating wedges and expanding
rings with checkerboard patterns. In order to keep the scan times brief and thus minimise
discomfort for the participants, two runs of 3 minutes each were carried out to record one
set of functional images for each stimulus type.
Retinotopic maps of DCC participants overlaid on numerically flattened occipital lobes
are shown in Figs. 27-41. Visual field representations of DCC participants followed the
expected retinotopic organisation in most participants. Adjacent positions in the visual field
were seemingly represented in adjacent cortical regions. The specific colours, however, do
not indicate retinotopically specific activation. The reversal in polarity representation was
present and was useful in delineating the boundary of V1 as seen in the A panels of Figs.
27-41. These borders also appear orthogonal to the gradient of representations of eccentricity
as seen in the B panels of the same figures. Curiously, in S06, whose behavioural results
appeared normal, it was difficult to locate the colour reversals in both the right and left
polar maps as seen in Figs. 35-36. The same difficulty was encountered for S08 and S09. For
S08, it was impossible to find a reversal, hence no retinotopic data were included for that
individual, as well as for the right hemisphere of S09.
Functional V1 normally occupies the calcarine cortex [Hasnain et al. (2001) and Wandell
et al. (2007)]. While V1 representation in the DCC participants still occupied the banks
of the CS, the dorsal and ventral boundaries were not always parallel to the CS and not
equidistant from the CS. This implied a displacement of the V1 location relative to the
expected anatomical landmarks.
The insets show the power spectra averaged over all voxels inside V1, with the shaded
area indicating the rotating wedge stimulus and expanding ring stimulus frequency for
panels A and B, respectively. The peaks in the power spectra indicated that the BOLD time
series of the voxels inside V1 were tuned to the respective stimuli. However, the power
spectra also indicated the presence of other cyclic effects present in the BOLD signal.
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Figure 27: S02’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Dorsal aspect is displayed to the right while the
ventral aspect is displayed to the left. Colour scale the same as in Fig. 14. The
black lines indicate border of V1 marked by polarity reversals. The inset shows
mean power spectrum of all voxels inside V1 with the shaded area indicating the
expected frequency of the (A) rotating wedge or (B) expanding annulus stimulus.
The upper edge of the flattened cortical surface coincides with the CS.
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Figure 28: S02’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Dorsal aspect is displayed to the left while the ventral
aspect is displayed to the right. Colour scale the same as in Fig. 14. Other details
are the same as in Fig. 27.
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Figure 29: S03’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 30: S03’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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Figure 31: S04’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 32: S04’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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Figure 33: S05’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 34: S05’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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Figure 35: S06’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 36: S06’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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Figure 37: S07’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 38: S07’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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Figure 39: S09’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. AOther details are the same as in Fig. 28.
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Figure 40: S10’s Right hemisphere organisation of (A) polar angle and (B)
eccentricity representation. Other details are the same as in Fig. 27.
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Figure 41: S10’s Left hemisphere organisation of (A) polar angle and (B) eccen-
tricity representation. Other details are the same as in Fig. 28.
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V1 properties are not linked to performance
Table 4.13 shows global cortical thickness (GCT), V1 cortical thickness (CT), V1 surface area,
and V1 grey matter volume (GMV) as measured in DCC participants from the analysis
of the anatomical images. Global cortical thickness in each hemisphere was found to be
negatively correlated with unilateral performance in the contralateral hemifield. However,
this effect was found to be insignificant after correction for multiple comparisons. Overall,
this implies that V1 anatomical properties such as CT, SA, and GMV were not related to the
performance of the DCC participants.
Given that no control participant was scanned, anatomical properties measured in DCC
participants were not directly compared to control values. Values from literature are instead
given in Table 4.13, where appropriate. In the present study, GCT in DCC was within the
limits found in literature (1.8 —3.2 mm, see Table 4.13 control value under GCT). On the
other hand, V1 CT, SA, and GMV in some DCC participants were outside the range found
in literature. However, methodological differences between the present study and those in
literature from which control values were obtained preclude the current study to conclude
on the significance of the differences.
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4.2.2. Visual cortical connectivity
In this section, streamlines from left and right V1 were visualised to determine if any
projections were likely to cross the midline. Streamlines are more likely to follow paths
with large FOD amplitudes. In the following figures, instead of showing the streamlines
individually, the FOD amplitudes in each voxel that contained a part of the streamline were
summed and displayed (Figs. 42-48). No connectivity images are shown for S01 (imaging
data not available), S08, and S09 because V1 was not localised in these participants. There
were no direct connections between left and right V1 in 6 out of 7 DCC participants with
available imaging data. S10, who has a remnant posterior corpus callosum, has a direct
connection between the left and right V1 as seen in Fig. 48.
Using the FOD amplitudes as proxy, it can be seen that streamlines passing through V1
in the DCC participants continue ipsilaterally. In some DCC participants (S02, S03, S05, S06,
and S07: see Figs. 42, 43, 45, 46, 47), the streamlines extend just past the lateral ventricles
from V1 where the FOD amplitudes then drop off to zero. In S04 (see Fig. 44), streamlines
from V1 were short and localised around the V1 area. In S10, (see Fig. 48), a midline crossing
through the posterior remnant CC is seen that directly connects the left and right V1.
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4.3. Summary of outcomes in DCC participants
In summary, 32 controls participated in the behavioural testing. No data were discarded for
this cohort. However, among the 32, 2 participants have no eye tracking data due to technical
difficulties at the time of testing. There were no significant behavioural effects in control
participants due to either age or gender. There were also no difference in performance
between unilateral and bilateral tasks in controls. As for the individuals with DCC, totaling
10 participants, only S01 did not undergo an MRI scan, but all 10 completed the behavioural
tests. Due to technical difficulties, eye tracking data were also not acquired for S01 and S02.
S01
S01 is a 28 year old female with complete agenesis of the CC whose imaging data were
not available. The callosal malformation was assessed by the participant’s clinician. In
all low-level tasks (orientation, speed, direction matching), S01 had both unilateral and
bilateral deficits in accuracy. However, her bilateral RT was within the normal range as
predicted from her unilateral RT. In the letter matching task, S01 also had unilateral and
bilateral deficits and her bilateral RT was increased relative to her unilateral RT. In the
spatial matching task, her accuracy was also significantly lower than controls and her RT
was within the normal range. Eye tracking data were not available for S01.
S02
S02 is a 66 year old male with partial DCC. In low-level tasks, S02 only had bilateral
deficits in speed and direction matching accuracy. However, his bilateral RT was longer
than predicted from his unilateral RT in orientation and direction matching. In the letter
matching task, S02 only had unilateral deficits and his bilateral RT was within normal
range predicted from his unilateral RT. In the spatial matching task, his accuracy was also
significantly lower than controls and his RT was within the normal range. Eye tracking data
were not available for S02. As for the imaging results, S02’s dorsal V1/V2 border in both
right and left hemispheres were displaced relative to the CS. Finally, there was no direct
connection between the left and right V1 in S02.
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S03
S03 is a 48 year old female with complete agenesis of the CC. In low-level tasks, S03 only
had bilateral deficits in speed matching accuracy. However, her bilateral RT was longer
than predicted from her unilateral RT in all low-level matching tasks. In the letter matching
task, S03 only had bilateral deficits and her bilateral RT was longer than predicted from
her unilateral RT. In the spatial matching task, her accuracy and RT were both within the
normal range. Her eye gaze was biased to move to the right of fixation in all the bilateral
low-level matching tasks. As for the imaging results, S03’s dorsal V1/V2 border in both
right and left hemispheres were displaced relative to the CS. Finally, there was no direct
connection between the left and right V1 in S03.
S04
S04 is a 23 year old male with complete agenesis of the CC. In all low-level tasks (orienta-
tion, speed, direction matching), S04 had both unilateral and bilateral deficits in accuracy.
However, his bilateral RT was within the normal range as predicted from his unilateral RT.
In the letter matching task, S04 also had unilateral and bilateral deficits and his bilateral
RT was within normal range predicted from his unilateral RT. In the spatial matching task,
his accuracy was also significantly lower than controls and his RT was significantly shorter
than normal. His eye gaze was biased to move to the right of fixation in all the bilateral
low-level matching tasks. As for the imaging results, S04’s dorsal V1/V2 border in the left
hemisphere was displaced relative to the CS. Finally, there was no direct connection between
the left and right V1 in S04.
S05
S05 is a 33 year old female with partial DCC. She was unable to respond manually and
thus I had to press the keys for her as she responded verbally. Therefore, S05’s RT are not
discussed further. In all low-level tasks (orientation, speed, direction matching), S05 had
both unilateral and bilateral deficits in accuracy. In the letter matching task, S05 also only
had unilateral deficits. In the spatial matching task, her accuracy was within the normal
range. Her eye gaze was biased to move to the right of fixation in the bilateral orientation
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and speed matching tasks. As for the imaging results, S05’s left V1 was displaced relative to
the CS. Finally, there was no direct connection between the left and right V1 in S05.
S06
S06 is a 48 year old male with partial DCC. In all low-level tasks (orientation, speed, direction
matching), S06 exhibited normal performance. His bilateral RT was within the normal range
as predicted from his unilateral RT. In the letter matching task, S06 had bilateral deficits and
his bilateral RT was within normal range predicted from his unilateral RT. In the spatial
matching task, his accuracy was also significantly lower than controls and his RT was within
the normal range. He did not exhibit any bias in his eye movements while he performed the
tasks. As for the imaging results, S06’s retinotopic maps appeared typical. However, the
polar representation in his left and right hemispheres did not contain all colours. Finally,
there was no direct connection between the left and right V1 in S06.
S07
S07 is a 26 year old male with partial DCC. In all low-level tasks (orientation, speed, direction
matching), S04 had both unilateral and bilateral deficits in accuracy. However, his bilateral
RT was within the normal range as predicted from his unilateral RT. In the letter matching
task, S07 also had unilateral and bilateral deficits and his bilateral RT was within normal
range predicted from his unilateral RT. In the spatial matching task, his accuracy was also
significantly lower than controls and his RT was within normal limits. His eye gaze was
biased to move to the right of fixation in the bilateral direction matching task. As for the
imaging results, S04’s dorsal V1/V2 border in the left hemisphere was displaced relative to
the CS. Finally, there was no direct connection between the left and right V1 in S07.
S08
S08 is a 40 year old male with partial DCC. In all low-level tasks (orientation, speed, direction
matching), S08 only had bilateral deficits in accuracy. However, his bilateral RT was within
the normal range as predicted from his unilateral RT. In the letter matching task, S08
exhibited no deficits in accuracy and his bilateral RT was within normal range predicted
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from his unilateral RT. In the spatial matching task, his accuracy and RT were within the
normal range. His eye gaze was biased to move to the right of fixation in all the bilateral
low-level matching tasks. As for the imaging results, I was unable to locate any colour
reversals in S08’s occipital lobe and thus, was unable to determine the presence of a direct
connection between the left and right visual cortices.
S09
S08 is a 72 year old male with complete agenesis of the CC. In all low-level tasks (orientation,
speed, direction matching), S09 had bilateral deficits in accuracy. Additionally, he also had
unilateral deficits in the speed matching task. However, his bilateral RT was within the
normal range as predicted from his unilateral RT. In the letter matching task, S09 both
bilateral and unilateral deficits in accuracy and his bilateral RT was within normal range
predicted from his unilateral RT. In the spatial matching task, his accuracy was significantly
lower than controls and his RT was within the normal range. His eye gaze was biased
to move away from fixation in all the bilateral low-level matching tasks without a single
preferred direction. As for the imaging results, I was unable to locate colour reversals in
S09’s right hemisphere and thus, was unable to determine the presence of a direct connection
between the left and right visual cortices.
S10
S04 is a 27 year old female with partial dysgenesis and remnant posterior section of the
CC. In all low-level tasks (orientation, speed, direction matching), S10 had both unilateral
and bilateral deficits in accuracy. However, her bilateral RT was within the normal range
as predicted from his unilateral RT. In the letter matching task, S10 also had unilateral and
bilateral deficits and her bilateral RT was longer than predicted from her unilateral RT. In
the spatial matching task, her accuracy was significantly lower than controls and her RT was
within the normal range. Her eye gaze was biased to move to the right of fixation in all the
bilateral low-level matching tasks. As for the imaging results, S10 had typical retinotopic
maps. Finally, there was a direct connection between the left and right V1 in S10.
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In this study, I looked at low-level visual processing in individuals with DCC. Previous
studies have shown above chance ability in DCC to integrate visual information with
associated semantic representation presented separately to the two hemifields [Sauerwein
and Lassonde (1983), Brown et al. (1999), and Barr and Corballis (2002)], in contrast to split-
brain patients [Fendrich and Gazzaniga (1989), Sergent (1986), and Fendrich and Gazzaniga
(1989)], who had chance level accuracy in similar tasks.
To test bilateral visual integration at the early visual processing level, the semantic
information associated with the stimulus needed to be removed. Thus, I used Gabor patches
that matched the receptive field properties of human V1 and added backward pattern
masking to control the exposure duration of the stimulus. With this paradigm, I minimised
access to readily available nominal identifiers. I measured accuracy and RT in control
and DCC participants. I also tested their ability to transfer spatial information presented
separately to the two hemifields.
Summary of group results
The accuracy of control participants was at ceiling level for both unilateral and bilateral
visual tasks. The performance of controls also did not vary with age, which was to be
expected because the splenium in adults has already stabilised [Westerhausen et al. (2016)].
In contrast, DCC participants showed impaired processing of low-level visual stimuli. In
the present study, 4 out of the 10 DCC participants had complete agenesis of the CC (S01,
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S03, S04, and S09), 5 DCC participants had anterior remnant CC (S02, S05, S06, S07, S08),
and 1 DCC participant had a posterior remnant CC (S10). I found only 1 DCC participant
who had normal performance (S06) while the rest of the DCC cohort showed impaired low-
level visual processing. However, integration of spatial information across hemifields was
impaired in S06, as well as the accuracy in bilateral matching of letters. S06 did not exhibit
exaggerated eye movements during the matching tasks, unlike most of the DCC cohort
that showed a bias to look to the right of fixation. In all the other 9 participants, I found
the expected bilateral deficits with varying degrees of severity. In addition to the bilateral
deficits, I also found compromised unilateral processing in 6 DCC participants (S01, S04,
S05, S07, S09, S10). It is noteworthy that despite sparing of the splenium, S10 did not exhibit
better low-level visual processing compared with the rest of the DCC cohort. Furthermore,
S10 was the only DCC participant who had a qualitatively normal retinotopic map in both
hemispheres, as well as a direct connection between the left and right visual cortices. I found
no direct visual corticocortical connection in the rest of the DCC participants. Additionally,
the rest of the DCC cohort had a displaced functional V1/V2 border relative to the expected
anatomical landmarks. However, the progression of the visual field representations in the
retinotopic maps seemed typical.
Plasticity effects are limited to meaningful cognitive precepts
The behavioural deficits in processing low-level images in 9 out of 10 DCC participants
participants suggest a limited role of plasticity in coping with arrested callosal development.
We know from embryologic studies of the CC that the genu develops first [Bouchier (1957),
Sheldon and Peyman (1953), and Hyndman and Penfield (1934)] and the degree of callosal
malformation is proportional to the lateness of the onset of the malformation [Bunts and
Chaffee (1944)]. This has far-reaching ramifications for visual function given that the visual
cortex is located in the occipital lobe (see Fig. 1).
When DCC participants in this study were matching letters presented bilaterally, the
deficits were not as large as in low-level stimulus matching (see Fig. 15). The higher accuracy
in the former than in the latter tasks suggests that the nominal identifiers played a role in the
bilateral integration of information. The use of low-level images directly tested an aspect of
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perception that was not subserved by semantic processing through verbal identification. This
could be related to the previously posited parallel language modules in the two hemispheres
in atypically developed brains. It is possible that semantics played a role to elucidate this
effect. Word recognition, and thus semantic association, take place in temporal areas that
are also part of the ventral visual stream. Moreover, in monkey models, the temporal areas
project contralaterally through the anterior commissure, which has already been implicated
in bilateral processing in DCC [Barr and Corballis (2002)]. It is possible that the level of
familiarity facilitates recognition after gaining representation in the language centre [Kimura
(1963)]. The smaller deficits in letter matching suggest that familiar objects were more
easily perceived. This is consistent with findings in participants with localised brain lesions
[Kimura (1963) and Warrington and James (1967)] where non-familiar objects elicited deficits
in object identification while familiar objects were perceived normally. In McKinney (1966),
data supporting the relevance of verbal identifiability was presented with regards to stability
of perception. Images that had nominal identifiers, (e.g. names of the letters) were more
perceptually stable. Together, this indicates that brain reorganisation that facilitates bilateral
integration is limited to aspects of perception that are meaningful.
The aforementioned behavioural deficits manifest in terms of accuracy. RT, on the other
hand, did not strongly depart from the trend seen in control participants for the matching
tasks. Even in the bilateral spatial integration task, 8 of the DCC participants responded
within the typical range of latencies. This suggests intact motor function recruited in giving
manual responses.
Neural correlates of visual function in DCC
Performance in visual tasks has previously been attributed to various neural correlates
in V1, like level of activity [Ress et al. (2000), Demb et al. (1997), Pessoa et al. (2002),
and Ress and Heeger (2003)], SA [Kanai and Rees (2011), Schwarzkopf et al. (2011), and
Verghese et al. (2014)], and GMV [Gilaie-Dotan et al. (2013) and Bampaio-Baptista et al.
(2014)]. In the present study, I found no significant correlations between these anatomical
properties and performance in the unilateral tasks. It is likely, however, that neurological
comorbidities in the DCC cohort is confounding any such effects. Given the small number
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of total participants, moreover the small number of participants with exactly the same
neurological presentation, it is not surprising that no correlations were found.
Atypical retinotopic organisation was expcted in DCC, consistent with Bittar et al.
(2000) and Reitsma et al. (2013). However, in the present study, I found retinotopically
organised visual field representations in V1. As expected, 8 out of 9 DCC participants had
no projections from V1 that crossed contralaterally. S10 was the only participant in the DCC
cohort who had a remnant posterior CC and a direct connection between left and right V1.
This suggests the absence of plastic effects in facilitating a connection across the midline
though non-callosal commissures. Given that visual experience shapes interhemispheric
connections, and conversely, such connections ensure functional matching of the two visual
cortices [Pietrasanta et al. (2012) and Bocci et al. (2014)], it is not surprising that S10 presented
with a normal retinotopic map.
The foregoing results, unfortunately, do not explain the unilateral deficits seen in the
DCC participants in this study. The only hint of abnormality in V1 was seen in the distorted
V1/V2 border relative to the expected anatomical landmarks. This distortion may have
heightened the inherent within-field asymmetry in visual processing [Hougaard et al. (2015)].
In typically developed controls, the CS commonly coincides with the middlle section of the
functional V1 [Hasnain et al. (2001)] and this functional representation occupies the calcarine
cortex [Wandell et al. (2007)]. This normally ensures equal representations of the visual
field quadrants in the upper and lower banks of the CS in each hemisphere (c.f. Fig. 2A).
However, qualitatively, this was not the case in the present study where the V1/V2 borders
in about half of the hemispheres in the available data were not equidistant from the CS. The
asymmetry in the functional localisation of V1 may contribute to an over-representation of
one quadrant and an underrepresentation of the other quadrant from the same hemifield.
Given that each image in the matching tasks appeared in separate hemifields and in separate
quadrants (c.f. Fig. 5), this could account for the low unilateral accuracy of the DCC
participants. This reorganisation may be due to cortical adaptations, not to DCC per se, but
to accompanying neurological abnormalities such as colpocephaly.
It is also possible that the unilateral deficits are a direct consequence of the abence of
the CC. Jakab et al. (2015) showed that even during intrauterine life, abnormal white matter
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pathways were already evident in the foetal brain suggesting that the rewiring was not
primarily due to plasticity effects. In typically developed brains, the neurons straddling
the V1/V2 border project across the midline to the contralateral hemisphere [Clarke and
Miklossy (1990), Knyazeva (2013), and Berlucchi (2014)]. While the absence of transcallosal
connections do not immediately mean abnormal ipsilateral connectivity, Price et al. (1992)
showed that there were similarities in the normal development of the two pathways. Further
to this, visual deprivation also seemed to have the same effects on both ipsilateral and
contralateral connections. Thus, it is possible that the unilateral deficits in DCC may follow
directly from abnormal interhemispheric pathways.
In Beaulé et al. (2015), the authors found significant cortical thickening in medial parts
of the brain and in specific regions of interest including V1 in DCC. This is not consistent
with the present evidence where V1 cortical thickness in DCC was smaller than the reported
average values in controls. However, due to the limited power in the functional images
through which V1 was localised, further studies are warranted. However, Hardan et al.
(2006) proposed that differential cortical thickness is related to abnormal cortical circuitry in
autism, for which CC malformations has been shown to be a major risk factor [Paul et al.
(2014)]. Following this argument, a departure from normal average cortical thickness may
imply aberrant connectivity that could then explain the unilateral disruption in low-level
visual processing.
It is worth noting that the radial sulcal arrangement revealed in Davidoff and Dyke (1934)
was also seen in some of the DCC participants in the present study and could potentially
be related to the altered unilateral processing. This would be consistent with the presence
of abnormal sulcal patterns found in individuals with poor neurodevelopmental outcomes
[Tang et al. (2009)] .
Lastly, the stimuli used in this experiment consisted of Gabor patches with spatial
frequencies lower than 5 cycles per degree. This puts the images in the lower frequency
domain. It has previously been documented that sensitivity to low-frequency signals is a
hallmark of subcortical processing [Vuilleumier et al. (2003) and Johnson (2005)]. However,
it must be noted that information transfer via this secondary retinotectal visual pathway is
limited to some functions such as comparison of numerosity, evenness, and gross spatial
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deductions [Sergent (1987) and Sergent (1990)]. An important caveat regarding these results
is that these were obtained in patients with commisurotomies and not in DCC individuals,
for whom limbic abnormalities are likely to be present [Atlas et al. (1986b)].
Hemispheric asymmetry in DCC as seen in the eye movements
Short tachistoscopic presentation times have traditionally been used to control for eye
movements. It was even suggested that exposure duration of any stimulus be limited to
200 ms [Lassonde and Ouimet (2010)], which would reduce the triggered saccadic eye
movements. The modifications to the task design, however, would have prevented even
control participants from making accurate same/different judgements if the stimulus was
only displayed for a short duration. Instead, the eye movements of all participants in these
experiments were monitored. Eye movements were barely seen during the letter matching
task in both cohorts. This can be explained with the following reasoning. The latency of
saccadic eye movements, which are reflexive and triggered by visual stimuli, is about 200
ms [Zihl and Dutton (2015)]. This is longer than the exposure duration of the letter stimuli
and I only accounted for fixation breaks during time windows with stimuli displayed. It
is quite possible that participants may have broken fixation after the time window that I
investigated.
The saccadic eye movements in the DCC cohort may be a compensatory mechanism
to ease the need for interhemispheric communication to perform the tasks. Moving the
eye gaze would shift the visual field, and thus, the projection onto the cortex making all
the relevant information accessible to the same hemisphere. It is possible that the eye
movements were employed to displace the visual field towards the left and thus information
was processed in the right hemisphere, at least in the early visual stages. This is congruent
with the fact that the right hemisphere has been shown to be dominant for spatial visual
processing [Corballis et al. (2002) and Rezaul Karim and Kojima (2010)]. The tendency to
process visual information in the right hemisphere is also consistent with the hemispheric
asymmetry seen patients with right cerebral hemisphere lesions [Radoeva et al. (2005)],
where patients with right cerebral lesions showed impaired performance in visuomotor
tasks.
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The unimodal eye movement of the DCC cohort in the bilateral low-level matching
tasks cannot be solely due to the appearance of the stimuli. Control participants did not
exhibit unimodal eye movements in the matching of low-level images for both unilateral
and bilateral conditions, as well as DCC participants in the unilateral condition. However,
given that the superior colliculus, which is relevant to eye movements in primates, has
been implicated in bilateral information transfer in the past [Holtzman (1984) and Corballis
(1995)], interactions between V1 and superior colliculi through higher visual areas should
be investigated.
Finally, the fact that stimuli location in the low-level matching tasks were pre-cued
and yet the participants moved their gaze to the right of fixation and not towards the
stimulus location adds support to the hypothesis that indeed the eye movements are a
learned adaptive mechanism. However, it is possible that, after the initial saccade, DCC
participants moved their gaze to the stimulus location. It must be noted that even small
displacements from fixation could be enough to bring the relevant information to a single
hemifield especially as the DCC participants tended to move their heads away from the chin
rest and the screen. The additional eye-to-screen distance may change how the stimuli was
projected on the retina.
A counter point to the above arguments is that the eye movements did not necessarily
improve performance of the DCC participants and therefore may not have functional
significance. However, it is possible that the lack of improvement was due to the backward
pattern masking employed in the low-level matching tasks. A displacement of the eye gaze
would also mean a displacement of the retinotopic activation in the cortex. However, due to
the controlled exposure duration and the presence of the masks, such a coping mechanism
would not do much to improve the accuracy in the tasks in the present study.
Implications of compromised low-level processing on higher cognitive function
While low-level images in the form of Gabor patches in isolation are not commonly encoun-
tered, deficits in the early visual processing could manifest in deficits in higher cognitive
processes. Early visual processing deficits have also been implicated in other neurological
abnormality such as schzophrenia [Butler et al. (2001) and Butler and Javitt (2005)], and
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autism spectrum disorder [Bertone et al. (2005) and Behrmann et al. (2006)]. These conditions
are typically associated with high order cognitive differences that have been previously
reviewed in Bowie and Harvey (2006) and Fioravanti et al. (2012). In the present study,
these low-level deficits in visual processing are already manifested in processing of familiar
higher-order stimuli. In letter matching, participants had smaller but still significant deficits
compared with a normative sample. These results may have effects on learning outcomes
in the DCC cohort, which is a group that has previously been documented to have global
developmental delays [Schaefer and Bodensteiner (1998) and Volpe et al. (2006)].
Concluding remarks and technical considerations for future studies
Overall, I found a wide variability in behavioural results and functional and anatomical
imaging outcomes in DCC. It is not surprising that no clear picture emerge due to the
heteregeneous cortical and callosal pathology of the cohort. The expected bilateral deficits
and the emergent deficits in unilateral conditions in matching of low-level images in DCC
have implications on stimulus-driven bottom-up signals. Especially when one considers
that Gabors constitute the building blocks of all images, which can be decomposed into a
pattern of dark and bright bands. These results shed light on the effects of the congenital
absence of the corpus callosum that have not been previously reported. These results point
to a limited role of plasticity to compensate for the developmental assault.
In the future, eye movement monitoring should be done in real-time. While this
study identified a previously undocumented bias in eye movements in DCC through
post-processing of eye movement data, it is imperative that behaviour in the low-level visual
tasks be measured in the future with a clear and precise dissociation between the images
projected to separate hemifields. In trials when a participant makes an eye movement away
from fixation, that trial should be discarded and additional trials should be added in its
place. This may mean longer run times, and that should be taken into consideration so as to
minimise the discomfort to participants.
In the imaging aspect, longer BOLD fMRI scans to acquire a retinotopic-specific activity
mapping should be carried out to increase power. Additionally, eye gaze tracking should be
integrated with the retinotopic mapping procedure to ensure fixation. This would ensure
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a robust localisation of V1 and higher visual areas. Lastly, a more detailed investigation
into the commissural pathways that may subserve bilateral integration of low-level visual
information is recommended. Alternatively, visual displays contingent on eye gaze position
is a good way to investigate in finer detail the questions raised from the conclusion of this
thesis. However, such an experiment may prove to be challenging to DCC participants given
their tendency to saccade. Further investigations regarding a sustainable fixation duration is
recommended for future studies.
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AEthics approval
A previous ethics approval was amended to include a psychophysical assessment and fMRI
scans to map the visual field representation in adult DCC participants. The approval form
is seen below in Figs. A.1-A.2. Together, the two ethics approval letters cover the entire
duration of the project. Consequently, the participant information sheet (PIS) for adults was
also revised. The text of the additional section of the PIS relevant to this thesis is included
below.
Start of PIS Section 4.
4) Psychophysical Assessment (Visual Function and Neural Correlates)
What is the purpose of the Psychophysical Assessment? We are interested in studying
information transfer between the two hemispheres of the brain. Visual information in
one hemifield is processed in the opposite hemisphere (i.e. images from the left side are
processed in the right hemisphere and vice versa). In people who have had surgery to
section (i.e., cut) the corpus callosum, information about one side of the visual world is not
transferred to the other hemisphere, causing a disconnection. However, in people who have
agenesis or dysgenesis of the corpus callosum, there is little evidence of disconnection. We
would like to test this at the level of basic visual features.
What will I be asked to do? You will be asked to perform several simple tasks that look
at your brain?s ability to integrate information from the two sides of the visual field (left
and right). The tasks are carried out on a computer while you rest your head on a chin
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rest to help maintain the position of your eyes relative to the screen. You will be asked to
fixate on a cross in the middle of a screen while images are presented either to the left, to
the right, or on both sides of the cross. You will be asked to respond either verbally (i.e. by
speaking) or nonverbally (by pressing keys on a keyboard). Each task will be explained to
you beforehand with examples given. You will be able to practice the tasks before doing
the actual assessment. These tasks take around two hours to complete and can be done at
a pace that is comfortable and convenient for you. You are encouraged to pause or stop
testing should you experience fatigue or any discomfort during the testing process.
Are there any Benefits/Risks of Participation? The research may not be of direct benefit to
you; however the overall findings will increase our understanding of the possible impact of
partial or complete agenesis of the corpus callosum on cognition and behaviour. A summary
of your results from the psychophysical tests will be available to you. This research project
is not expected to pose any risks to you.
End of PIS Section 4.
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Figure A.1: Ethics approval of the addition of the psychophysics tests and fMRI
from the University of Queensland Human Research Ethics Committee. This
approval covers the period from the start of the research until May 2017.
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Project Title: Agenesis/Dysgenesis Of The Corpus Callosum Study – 27/04/2018 
- AMENDMENT 
 
Chief Investigator:  Prof Linda Richards  
 
Supervisor: None 
 
Co-Investigator(s): Dr Gail Robinson, Dr Aiman Al Najjr, Dr Yonghui Li, Prof Bryan 
Mowry, Prof Jason Mattingley, Dr Christine Guo, A/Prof Markus 
Barth, Dr Luca Cocchi, Farshid Sepehrband, Timothy Edwards, 
Annalisa Paolino, Dr Richard Leventer, Ms Kate Pope, Dr Paul J. 
Lockhart, Ms Greta Gillies, Dr George McGillivray, Dr Simone 
Mandelstam, Prof Vicki Anderson, Dr Vinh Thai Nguyen, Tania 
Attié-Bitach, Roberto Lent, Lynn K. Paul, Fernanda Tovar-Moll, 
Elliott H. Sherr, Ms Anjali Henders, Dr Georg Kerbler, A/Prof Ross 
Cunnington, Prof James A. Barkovich, Prof William Dobyns, Luke 
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Figure A.2: Ethics approval from the University of Queensland Human Research
Ethics Committee from May 2017 until May 2022.
138
BComputer scripts
The following code was used to generate the stimuli for the orientation matching task.
This code is easily generalised to display the other types of stimuli (drift speed, direction,
letter). These stimuli were designed and programmed using the MatLab suite of tools,
PsychToolBox-3 (http://psychtoolbox.org/) cite: Brainard, 1997, Pelli, 1997, and Kleiner,
Brainard, Pelli 2007. I used the 32-bit version of MatLab R2015a for these experiments, for
compatibility with the drivers of Eyelink.
Start of code.
% Function to tachistoscopically display stimuli
% Bilaterally or unilaterally
% Participants press z for same or m for different
% 20x presentation each hemifield; total of 80 trials for one run
% orientation & mask only with pre-cues
function Orientation(name,run)
clc;
if nargin == 0
name = ’T1’;
run = 100;
end
ScreenDistance = 55.5;
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ScreenHeight = 30;
numSecs = 0.500; % stimulus presentation time in seconds
% Experiment Variables
respWindow = 2.000;
step = 0.020;
dist = sqrt(6^2/2);
if exist (’onCleanup’,’class’),oC_Obj = onCleanup(@()sca);end
HideCursor
ListenChar(2);
PsychDefaultSetup(2);
% % % DISPLAY SETUP MODULE
screenNumber = max(Screen(’Screens’));
white = WhiteIndex(screenNumber);
black = BlackIndex(screenNumber);
grey = white / 2;
[window, windowRect] = PsychImaging(’OpenWindow’, screenNumber, grey, [], 32, 2,...
[], [], kPsychNeed32BPCFloat);
[screenXpixels, screenYpixels] = Screen(’WindowSize’, window);
ifi = Screen(’GetFlipInterval’, window);
% alpha blending
Screen(’BlendFunction’, window, GL_SRC_ALPHA, GL_ONE_MINUS_SRC_ALPHA);
LUT=load(’13-7-2016LUT.txt’);
Screen(’LoadNormalizedGammaTable’,window,LUT);
Screen(’TextFont’, window, ’Ariel’);
Screen(’TextSize’, window, 60);
[xCenter, yCenter] = RectCenter(windowRect);
ppdy = screenYpixels/(2*atand(ScreenHeight/(2*ScreenDistance)));
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% % % EXPERIMENTAL MODULE
% Gabor Patches
gaborSizeDeg = 4;
gaborDimPix = round(gaborSizeDeg*ppdy);
numCycles = 2;
baseRect = [0 0 gaborDimPix*2 gaborDimPix*2];
freq = numCycles*gaborSizeDeg/gaborDimPix;
sigma = gaborDimPix/7;
contrast = 1;
aspectRatio = 1.0;
phase = 0;
% Procedural Gabor
backgroundOffset = [0.5 0.5 0.5 0.0];
disableNorm = 1;
preContrastMultiplier = 0.5;
gabortex = CreateProceduralGabor(window, gaborDimPix, gaborDimPix, [],...
backgroundOffset, disableNorm, preContrastMultiplier);
propertiesMat = [phase, freq, sigma, contrast, aspectRatio, 0, 0, 0];
propertiesMaskMat = [phase+90, freq, sigma, 0.75, aspectRatio, 0, 0, 0];
% Length of time and number of frames we will use for each drawing test
numFrames = round(numSecs / ifi); % number of stimulus frames
numFramesMask = numFrames; % number of mask frames
numFramesBet = round(0.050/ifi); % number of frames between stim and mask
waitframes = 1;
% Fixation Cross
fixCrossDimPix_2 = round(0.3*ppdy);
xCoords = [-fixCrossDimPix_2 fixCrossDimPix_2 0 0];
yCoords = [0 0 -fixCrossDimPix_2 fixCrossDimPix_2];
allCoords = [xCoords; yCoords];
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fixCrossDimPix_2 = round(2*ppdy);
[cCoords,dh,dv] = CenterRect([-fixCrossDimPix_2 -fixCrossDimPix_2 ...
fixCrossDimPix_2 fixCrossDimPix_2],windowRect);
lineWidthPix = 4;
% Feedback beep
beepW = MakeBeep(400,0.05);
beepC = MakeBeep(800,0.05);
Snd(’Open’);
% Jittered ISI 1 + a to 1 + b in seconds
b = 0.500;
% Screen positions of Gabor Patches for Bilateral
squareXpos = [xCenter - dist*ppdy xCenter + dist*ppdy ...
xCenter - dist*ppdy xCenter + dist*ppdy];
squareYpos = [yCenter - dist*ppdy yCenter - dist*ppdy ...
yCenter + dist*ppdy yCenter + dist*ppdy];
% Screen positions of Gabor Patches for Unilateral
squareXpos_uni = [xCenter - dist*ppdy xCenter - dist*ppdy ...
xCenter + dist*ppdy xCenter + dist*ppdy];
squareYpos_uni = [yCenter - dist*ppdy yCenter + dist*ppdy ...
yCenter - dist*ppdy yCenter + dist*ppdy];
numSquares = length(squareXpos_uni);
allRects = nan(4, length(squareXpos));
for i = 1:numSquares
allRects(:, i) = CenterRectOnPointd(baseRect, squareXpos(i), squareYpos(i));
end
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allRects_uni = nan(4, length(squareXpos_uni));
for j = 1:numSquares
allRects_uni(:, j) = CenterRectOnPointd(baseRect, ...
squareXpos_uni(j), squareYpos_uni(j));
end
el=EyelinkInitDefaults(window);
if ~EyelinkInit(0, 1)
fprintf(’Eyelink Init aborted.\n’);
cleanup; % cleanup function
return;
end
[v vs]=Eyelink(’GetTrackerVersion’);
fprintf(’Running experiment on a ’’%s’’ tracker.\n’, vs );
% make sure that we get gaze data from the Eyelink
Eyelink(’Command’, ’link_sample_data = LEFT,RIGHT,GAZE,AREA’);
sides =randperm(80,80);
sides = mod(sides,4)+1;
samediff1 = randperm(length(sides)/4,length(sides)/4);
samediff1(samediff1<=(length(samediff1)/2))=0;
samediff1(samediff1>(length(samediff1)/2))=1;
sDindex1 = 1;
samediff2 = randperm(length(sides)/4,length(sides)/4);
samediff2(samediff2<=(length(samediff2)/2))=0;
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samediff2(samediff2>(length(samediff2)/2))=1;
sDindex2 = 1;
samediff3 = randperm(length(sides)/4,length(sides)/4);
samediff3(samediff3<=(length(samediff3)/2))=0;
samediff3(samediff3>(length(samediff3)/2))=1;
sDindex3 = 1;
samediff4 = randperm(length(sides)/4,length(sides)/4);
samediff4(samediff4<=(length(samediff4)/2))=0;
samediff4(samediff4>(length(samediff4)/2))=1;
sDindex4 = 1;
fileName = [name,’run’,int2str(run),’_Orientation’];
RT = zeros(1,length(sides));
response = [];
target = [];
Nresp = [];
% Draw screens
topPriorityLevel = MaxPriority(window);
Priority(topPriorityLevel);
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
EyelinkDoTrackerSetup(el);
t_start = datestr(now);
DrawFormattedText(window, ...
’Press "Z" for same, \n \n or "M" for different orientations. \n \n \n ...
Press any key to continue.’, ...
’center’, ’center’, white);
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Screen(’Flip’, window);
KbWait([], 2, []);
Eyelink(’openfile’, [name,int2str(run),’O.edf’]);
Eyelink(’StartRecording’);
Screen(’DrawLines’, window, allCoords,...
lineWidthPix, white, [xCenter yCenter], 2);
Screen(’Flip’, window);
Eyelink(’Message’, ’Fix’);
WaitSecs(1.000);
for index = 1:length(sides)
side = sides(index);
keyIsDown = 0;
keyCode = 0;
keyResp = [];
vbl = Screen(’Flip’, window);
% Present pre-cues
if side == 1
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, window, ’O’,[],[],1);
textRect = CenterRectOnPointd(normBoundsRect, ...
xCenter-dist*ppdy,yCenter-dist*ppdy);
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
window, ’O’,[],[],1);
textRect2 = CenterRectOnPointd(normBoundsRect, ...
xCenter-dist*ppdy,yCenter+dist*ppdy);
if samediff1(sDindex1) == 0
orientation = randi(360,1);
orientation2 = orientation;
target = [target; ’z’];
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else
orientation = randi(360,1);
orientation2 = orientation+ 30*randi(3,1);
target = [target; ’m’];
end
sDindex1 = sDindex1+1;
elseif side == 2
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
window, ’O’,[],[],1);
textRect = CenterRectOnPointd(normBoundsRect,xCenter+dist*ppdy, ...
yCenter-dist*ppdy);
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
window, ’O’,[],[],1);
textRect2 = CenterRectOnPointd(normBoundsRect,xCenter+dist*ppdy, ...
yCenter+dist*ppdy);
if samediff2(sDindex2) == 0
orientation = randi(360,1);
orientation2 = orientation;
target = [target; ’z’];
else
orientation = randi(360,1);
orientation2 = orientation+ 30*randi(3,1);
target = [target; ’m’];
end
sDindex2 = sDindex2+1;
elseif side == 3
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
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window, ’O’,[],[],1);
textRect = CenterRectOnPointd(normBoundsRect,xCenter-dist*ppdy,...
yCenter-dist*ppdy);
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, window, ’O’,[],[],1);
textRect2 = CenterRectOnPointd(normBoundsRect,xCenter+dist*ppdy, ...
yCenter-dist*ppdy);
if samediff3(sDindex3) == 0
orientation = randi(360,1);
orientation2 = orientation;
target = [target; ’z’];
else
orientation = randi(360,1);
orientation2 = orientation+ 30*randi(3,1);
target = [target; ’m’];
end
sDindex3 = sDindex3+1;
elseif side == 4
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
window, ’O’,[],[],1);
textRect = CenterRectOnPointd(normBoundsRect,xCenter-dist*ppdy, ...
yCenter+dist*ppdy);
[normBoundsRect, offsetBoundsRect]= Screen(’TextBounds’, ...
window, ’O’,[],[],1);
textRect2 = CenterRectOnPointd(normBoundsRect,xCenter+dist*ppdy, ...
yCenter+dist*ppdy);
if samediff4(sDindex4) == 0
orientation = randi(360,1);
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orientation2 = orientation;
target = [target; ’z’];
else
orientation = randi(360,1);
orientation2 = orientation+ 30*randi(3,1);
target = [target; ’m’];
end
sDindex4 = sDindex4+1;
end
% blank screen
for frame = 1:round(0.100/ifi)
Screen(’DrawLines’, window, allCoords,lineWidthPix, ...
white, [xCenter yCenter], 2);
DrawFormattedText(window, ’*’, ’center’,’center’,white,...
[],[],[],[],[],[textRect]);
DrawFormattedText(window, ’*’, ’center’,’center’,white,...
[],[],[],[],[],[textRect2]);
Screen(’DrawingFinished’, window);
Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
end
Screen(’DrawLines’, window, allCoords,...
lineWidthPix, white, [xCenter yCenter], 2);
Screen(’Flip’, window);
WaitSecs(1.000);
if side == 1 || side == 2 % Present unilateral stimulus
for frame = 1:numFrames
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
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keyResp = keyCode;
end
Screen(’DrawLines’, window, allCoords,lineWidthPix, white, ...
[xCenter yCenter], 2);
Screen(’DrawTexture’, window, gabortex, [], ...
[allRects_uni(:,(side)*2-1)], [orientation], [], [], [], [],...
kPsychDontDoRotation, propertiesMat’);
Screen(’DrawTexture’, window, gabortex, [], [allRects_uni(:,(side)*2)], ...
[orientation2], [], [], [], [],...
kPsychDontDoRotation, propertiesMat’);
Screen(’DrawingFinished’, window);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
if frame == 1
secs0 = vbl;
Eyelink(’Message’, ’Stim_Start’);
end
end
vbl = Screen(’Flip’, window);
for frame = 1:numFramesBet
if isempty(keyResp)
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
keyResp = keyCode;
end
end
Screen(’DrawLines’, window, allCoords,lineWidthPix, white, ...
[xCenter yCenter], 2);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
end
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vbl = Screen(’Flip’, window);
% Present unilateral mask
for frame = 1:numFramesMask
if isempty(keyResp)
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
keyResp = keyCode;
end
end
Screen(’DrawLines’, window, allCoords,...
lineWidthPix, white, [xCenter yCenter], 2);
Screen(’DrawTextures’, window, gabortex, [], ...
[allRects_uni(:,(side)*2-1:(side)*2)], ...
[orientation+45; 45+orientation+90], [], [], [], [],...
kPsychDontDoRotation, propertiesMaskMat’);
Screen(’DrawTextures’, window, gabortex, [], ...
[allRects_uni(:,(side)*2-1:(side)*2)], ...
[orientation+90+45; orientation+45], [], [], [], [],...
kPsychDontDoRotation, propertiesMaskMat’);
Screen(’DrawingFinished’, window);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
end
else % Present bilateral stimulus
if side ==3
level = 0;
else
level = 1;
end
for frame = 1:numFrames
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[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
keyResp = keyCode;
end
Screen(’DrawLines’, window, allCoords,...
lineWidthPix, white, [xCenter yCenter], 2);
Screen(’DrawTextures’, window, gabortex, [], ...
allRects(:,level*2+1:level*2+2), ...
[orientation; orientation2], [], [], [], [],...
kPsychDontDoRotation, propertiesMat’);
Screen(’DrawingFinished’, window);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
if frame == 1
secs0 = vbl;
Eyelink(’Message’, ’Stim_Start’);
end
end
vbl = Screen(’Flip’, window);
for frame = 1:numFramesBet
if isempty(keyResp)
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
keyResp = keyCode;
end
end
Screen(’DrawLines’, window, allCoords,lineWidthPix, ...
white, [xCenter yCenter], 2);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
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end
vbl = Screen(’Flip’, window);
% Present bilateral mask
for frame = 1:numFramesMask
if isempty(keyResp)
[keyIsDown, secs, keyCode, deltaSecs] = KbCheck;
if keyIsDown == 1
secResp = secs;
keyResp = keyCode;
end
end
Screen(’DrawLines’, window, allCoords, ...
lineWidthPix, white, [xCenter yCenter], 2);
Screen(’DrawTextures’, window, gabortex, [], ...
allRects(:,level*2+1:level*2+2), ...
[orientation+45; orientation+90+45], [], [], [], [],...
kPsychDontDoRotation, propertiesMaskMat’);
Screen(’DrawTextures’, window, gabortex, [], ...
allRects(:,level*2+1:level*2+2), ...
[orientation+90+45; orientation+45], [], [], [], [],...
kPsychDontDoRotation, propertiesMaskMat’);
Screen(’DrawingFinished’, window);
vbl = Screen(’Flip’, window, vbl + (waitframes - 0.5) * ifi);
end
end
Screen(’DrawLines’, window, allCoords,lineWidthPix, white, [xCenter yCenter], 2);
vbl = Screen(’Flip’, window);
Eyelink(’Message’, ’Stim_End’);
if isempty(keyResp)
[secs, keyCode, deltaSecs] = KbWait([], 2, vbl+respWindow);
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secResp = secs;
keyResp = keyCode;
end
if isempty(KbName(keyResp))
resp = ’N’;
RT(index) = 0; % Get reaction time
else
resp = KbName(keyResp);
RT(index) = secResp-secs0; % Get reaction time
end
response=[response;resp]; % response: S or D -- for accuracy
WaitSecs(0.100);
if target(index)~=resp
Snd(’Play’,beepW);
Nresp(index)=0;
else
Snd(’Play’,beepC);
Nresp(index)=1;
end
index = index+1;
WaitSecs(1.000+b.*rand);
end
DrawFormattedText(window, ...
’Thank you. Please wait for assistance.’, ...
’center’, ’center’, white);
Screen(’Flip’, window);
t_stop = datestr(now);
Eyelink(’StopRecording’);
Eyelink(’CloseFile’);
Eyelink(’ReceiveFile’,[name,int2str(run),’O.edf’]);
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save ([fileName,’data.mat’]);
KbWait([], 2, []);
Priority(0);
ListenChar(0);
sca;
End of code.
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The following code was used to generate the rotating wedge stimuli for the phase-delay
retinotopic mapping. The stimuli used in this study were designed and programmed using
the MatLab suite of tools, PsychToolBox-3 (http://psychtoolbox.org/) cite: Brainard, 1997,
Pelli, 1997, and Kleiner, Brainard, Pelli 2007. I used the 32-bit version of MatLab R2015a for
these experiments, for compatibility with the drivers of Eyelink.
Start of code.
% Black and white checkered Wedges
% Clockwise rotation
% 8Hz flicker rate
% 10 Double Cyle(s) at 16s/cyc -- 184 s total
% 12s lag before and after stimulus presentation
% Constant black fixation
% Black Fixation spot only, no user input
name = ’A10’;
run = 1
if exist (’onCleanup’,’class’),oC_Obj = onCleanup(@()sca);end
HideCursor
ListenChar(2);
PsychDefaultSetup(2);
% % % DISPLAY SETUP MODULE
ScreenNumber =1;
White = WhiteIndex(ScreenNumber);
Grey = White / 2;
ScreenDistance = 130/2.54; % inches
ScreenHeight = 23/2.54; % inches
[Window, WindowRect] = PsychImaging(’OpenWindow’, ScreenNumber, Grey, [], 32, 2,...
[], [], kPsychNeed32BPCFloat);
[ScreenXpixels, ScreenYpixels] = Screen(’WindowSize’, Window);
ifi = Screen(’GetFlipInterval’, Window);
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Screen(’BlendFunction’, Window, ’GL_SRC_ALPHA’, ’GL_ONE_MINUS_SRC_ALPHA’);
Screen(’TextFont’, Window, ’Ariel’);
Screen(’TextSize’, Window, 60);
el=EyelinkInitDefaults(Window);
if ~EyelinkInit(0, 1)
fprintf(’Eyelink Init aborted.\n’);
cleanup; % cleanup function
return;
end
[v vs]=Eyelink(’GetTrackerVersion’);
fprintf(’Running experiment on a ’’%s’’ tracker.\n’, vs );
Eyelink(’Command’, ’link_sample_data = LEFT,RIGHT,GAZE,AREA’);
EyelinkDoTrackerSetup(el);
FlushEvents(’keyDown’)
[XCenter, YCenter] = RectCenter(WindowRect);
ppdy = ScreenYpixels/(2*atand(ScreenHeight/(2*ScreenDistance)));
% % % EXPERIMENTAL MODULE
% Fixation Cross
FixCrossDimPix_2 = round(0.1*ppdy);
XCoords = [-FixCrossDimPix_2 FixCrossDimPix_2 0 0];
YCoords = [0 0 -FixCrossDimPix_2 FixCrossDimPix_2];
AllCoords = [XCoords; YCoords];
FixCrossDimPix_2 = round(2*ppdy);
[cCoords,dh,dv] = CenterRect([-FixCrossDimPix_2 -FixCrossDimPix_2 ...
FixCrossDimPix_2 FixCrossDimPix_2],WindowRect);
LineWidthPix = 2;
% Rotating Wedge Stimulus parameters
DegDiameter = 2*atand(ScreenHeight/(2*ScreenDistance));
InnerRad = 0.2;
DegWedge = 45;
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StartAng = -DegWedge/2;
Period = 32; % total of 32 frames/32 s (1 fps)
Repeats = 10; % repeat the display sequence
Lag = 12; % blank time before and after stimulation
FlickRate = 8; % flicker freq in Hz
StimPeriod = 1; % duration of each wedge position in s
% Compute stimulus parameters (on screen values)
m = round(DegDiameter*ppdy*2); % stimulus size in pixels
dA = DegWedge/4;
tanAng = tand(dA/2);
ratio = (1-tanAng)/(1+tanAng);
nRings = floor(log(InnerRad/DegDiameter)/log(ratio));
radius = DegDiameter*ppdy*ratio.^(0:nRings-1);% Define Checkerboard texture
img = ones(m)*Grey;
Tex(1) = Screen(’MakeTexture’,Window,img,0,0,2);
Tex(2) = Screen(’MakeTexture’,Window,img,0,0,2);
nPixels = diff(radius([nRings 1]));
% Fill the whole wedge with white
for dir = 0:180:180
Screen(’FrameArc’,Tex(1),1,[],dir,DegWedge,nPixels);
Screen(’FrameArc’,Tex(2),1,[],dir,DegWedge,nPixels);
end
% Fill every other sector with black
for dir = 0:180:180
for i = 1:nRings-1
rect = CenterRect([0 0 2 2]*radius(i),[0 0 m m]);
nPixels = diff(radius([i+1 i]));
for j = [0 2]
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for iTex = 1:2
ang0 = (j+mod(i+iTex,2))*dA+dir;
Screen(’FrameArc’,Tex(iTex),0,rect,ang0,dA,nPixels);
end
end
end
end
[ch,when] = GetChar; % wait for trigger
if ch == ’5’
Eyelink(’openfile’, [name,int2str(run),’W.edf’]);
Eyelink(’StartRecording’);
Start = datestr(now);
topPriorityLevel = MaxPriority(Window);
Priority(topPriorityLevel);
Screen(’DrawLines’, Window, AllCoords,...
LineWidthPix, White, [XCenter YCenter], 2);
startSecs = Screen(’Flip’, Window);
Eyelink(’Message’, ’Fix’);
WaitSecs(Lag);
for PolarAngle = 1:Period*Repeats/2
ang = StartAng+(PolarAngle-1)*dA+90;
Screen(’DrawLines’, Window, AllCoords,...
LineWidthPix, White, [XCenter YCenter], 2);
vbl = Screen(’Flip’, Window);
t0 = vbl;
endSecs = t0 + StimPeriod;
while vbl < endSecs
iTex = (mod(vbl-t0,1/FlickRate)<0.5/FlickRate)+1;
Screen(’DrawTexture’,Window,Tex(iTex),[],[],ang);
Screen(’DrawLines’, Window, AllCoords,...
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LineWidthPix, White, [XCenter YCenter], 2);
vbl = Screen(’Flip’,Window);
end
if PolarAngle == 1
Eyelink(’Message’, ’Stim_Start’);
end
end
Screen(’DrawLines’, Window, AllCoords,...
LineWidthPix, White, [XCenter YCenter], 2);
Screen(’Flip’, Window);
Eyelink(’Message’, ’Stim_End’);
WaitSecs(Lag);
Finish = datestr(now);
Eyelink(’StopRecording’);
Eyelink(’CloseFile’);
Eyelink(’ReceiveFile’,[name,int2str(run),’W.edf’]);
end
Priority(0);
ListenChar(0);
sca;
End of code.
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